
 

 

 

 

 

 

 

 

 

ULTRA-FINE GRAVITY SEPARATION OF RARE EARTH MINERALS 

 

 

 

 

 

 

 

 

 

by 

C. Alex Norgren 

  



ii 

A thesis submitted to the Faculty and the Board of Trustees of the Colorado 

School of Mines in partial fulfillment of the requirements for the degree of Master of 

Science (Metallurgical and Materials Engineering). 

 

 

Golden, Colorado 

Date___________ 

 

 

Signed:_______________________ 

C. Alex Norgren 

 

 

Date___________ 

 

Signed:_______________________ 

Dr. Corby Anderson 

Thesis Advisor 

 

Date___________ 

 

 

Signed:_______________________ 

Dr. Angus Rockett 

Department Head 

Department of Metallurgical and Materials Engineering 

  



iii 

ABSTRACT 

The use of gravity concentration represents one of the oldest methods of mineral 

processing in human history, and has been used as well as evolving alongside other 

methods as some of the earliest means of isolating rare earth minerals during the early 

20th century. Advances in gravity separation in the interim period, particularly centrifugal 

concentrators and more recently the development of the Ultra-Fine (UF) Falcon in the 

early 2000’s, have recently enabled new avenues for gravity separation at 

comparatively finer particle sizes than previously considered practical. 

In regards to the recovery of rare earth minerals, the use of UF Falcons coupled 

with parallel advancements in flotation chemistry potentially enable a radical 

improvement in the grade/recovery curve for carbonatite hosted REE deposits within the 

USA and likely even abroad. On multiple samples tested in this study, the UF Falcon 

was capable of repeatedly achieving greater than 90% REO recovery with Ca rejections 

as high as 35% within a single stage of operation. Further improvements to grade are 

possible with the use of multiple UF Falcons in series, and were able to yield an open 

circuit concentrate grade of as high as 59% REO and 2.0% Ca from a 50.5% REO and 

5.5% Ca sample. 

When considered in the context of the operation at Mountain Pass, California, the 

implementation of these combined methodologies yields a projected incremental 

improvement in pre-tax NPV potentially on the order of 156 million US$ at a discount 

rate of 12% over a period of 10 years. 
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CHAPTER 1:  INTRODUCTION 

1.1 Rare Earths 

Commensurate with advances in materials science and global human 

development, a number of materials that were once considered insignificant have 

become increasingly important to maintain modern standards of living across the world. 

In some cases, these may be necessary ingredients to vital infrastructure, medicine, 

energy generation, or even military applications and weapon systems. While the 

consumption of products making use of such materials can span the globe, the supply 

chain for their raw materials can at times be much more concentrated. 

At the least, this can lead to the potential for market manipulation as a supplier 

exercises their position as a de facto monopoly. Under more extreme cases, the 

domination of a supply chain, or a consumers’ domestic lack thereof, can become a 

factor in geopolitical conflicts and influence ranging from the use of economic sanctions 

and even up to military action. A modern evolving example of such a material and 

situations are Rare Earth Elements (REE’s). 

REE’s are a group of 17 elements, consisting of the lanthanide series as well as 

yttrium (Y) and scandium (Sc). In many regards REE’s exhibit chemically similar 

characteristics, and thus are prone to co-occur in varying proportions within a given 

geologic deposit, and as a result, can be challenging to isolate from each other.  

Conversely, the slight differences in their respective chemistries also results in a very 

broad spectrum of uses and demand for each of the individual elements, examples of 

which are shown on the following page in Table 1-1 [1]. In general, REE’s can be 

classified in two broad categories, light rare earth elements (LREE’s) and heavy rare 

earth elements (HREE’s). The former consists of the elements La through Gd, while the 

latter consists of Sc, Y, and Tb through Lu. [2] 
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Table 1-1: Examples of typical REE uses. [1] 

# ELEMENT SYMBOL USE 

21 Scandium Sc Aerospace framework, high-intensity street lamps, high 
performance equipment 

39 Yttrium Y TV sets, cancer treatment drugs, enhances strength of 
alloys 

57 Lanthanum La Camera lenses, battery-electrodes, hydrogen storage 

58 Cerium Ce Catalytic converters, colored glass, steel production 

59 Praseodymium Pr Super-strong magnets, welding goggles, lasers 

60 Neodymium Nd Extremely strong permanent magnets, microphones, 
electric motors of hybrid automobiles, laser 

61 Promethium Pm Not usually found in nature 

62 Samarium Sm Cancer treatment, nuclear reactor control rods, X-ray 
lasers 

63 Europium Eu Color TV screens, fluorescent glass, genetic screening 
tests 

64 Gadolinium Gd Shielding in nuclear reactors, nuclear marine propulsion, 
increases durability of alloys 

65 Terbium Tb TV sets, fuel cells, sonar systems 

66 Dysprosium Dy Commercial lighting, hard disk devices, transducers 

67 Holmium Ho Lasers, glass coloring, high-strength magnets 

68 Erbium Er Glass colorant, signal amplification for fiber optic cables, 
metallurgical uses 

69 Thulium Tm High efficiency lasers, portable x-ray machines, high 
temperature superconductor 

70 Ytterbium Yb Improves stainless steel, lasers, ground monitoring 
devices 

71 Lutetium Lu Refining petroleum, LED light bulbs, integrated circuit 
manufacturing 

 

Like many elements, REE’s do not occur in elemental form in geologic settings, 

and must undergo significant complex processing to be recovered into industrially 

useable forms. In terms of comparative global crustal abundance, some rare earths 

such a cerium (Ce) would on surface value not be considered rare as it is just behind 
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copper (Cu) at such a scale, such as is shown on the following page in Figure 1-1. 

However, when compared with Cu, there are significantly fewer geologic instances 

where the REE content is significantly elevated above crustal averages, let alone to 

such a degree where economic extraction is possible. [3] 

 

Figure 1-1: Abundance of chemical elements within the Earth’s crust. [3] 

 

As a result, there are few commercially exploited REE deposits across the world, 

and at times the supply chain has been dominated by a single country, or even a single 

deposit. This is best demonstrated by historic production figures, shown on the following 

page in Figure 1-2, in which the United States’ dominance was later usurped by China. 
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Figure 1-2:  Global rare earth production starting in 1950 until 2000. Illustrating the 
dominance of China in rare earth production. [4] 

 

At present, the supply chain of REE’s is firmly dominated by China to such a 

degree that it has exercised both the threat, and briefly the execution thereof, of 

restricting exports to countries with whom it has disagreed with while simultaneously 

being positioned to moderately to strongly manipulate the global market prices of REE’s 

thanks to government level controls on its own legal domestic production. [4] 

1.2 Chinese REO Role Overview 

Government controls and policy aside, China is presently blessed with having 

some of the more forgiving REE occurrences within its borders, alongside possessing a 

significant volume of REE’s, thus leading to something of a natural domination of global 

production. In the case of Bayan Obo, the largest and highest grade REE mine in 

China, the economics of REE production are comparatively more favorable than for 

most REE mines as REE’s are recovered as a necessary byproduct of iron (Fe) 

production. Additionally, the head grade of Bayan Obo, as expressed in Rare Earth 

Oxide (REO), is amongst some of the highest in the world at ~6% REO, a simplified 

process flowsheet is shown below in Figure 1-3. [5] 
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Figure 1-3: Bayan Obo simplified process flowsheet. [5] 

 

China’s total REE output is also further bolstered by a number of illegal REE 

mining operations exploiting lower grade, but comparatively easily treated, ion-adsorbed 

clays as opposed to hard rock deposits. These ion-adsorbed clays tend to be enriched 

in HREE’s. [5] 

The concerns regarding China’s use of its position in the REE supply chain as a 

tool of geopolitical influence are not entirely hypothetical given the series of events that 

unfolded in the early 2000’s. 

In 2010, a Chinese fishing trawler collided with a Japanese Coast Guard patrol 

boat in a disputed territory. After a rapid diplomatic escalation of hostilities between the 

two nations, China threatened to cease export of REE’s to Japan. This was also 

accompanied by a broader reduction of the REE export quota of 40%. This served as a 

wake up call of sorts to the rest of the world that it may be well served by diversifying its 

sources of REE’s away from China, as well as causing the prices of REE’s to multiply 

by magnitudes for a short while. [6] 
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1.3 United States REO Overview 

With regards to the United States, recent production of REE’s has been isolated 

to a single mine known as Mountain Pass located in California. Although other potential 

deposits are known to exist within the USA, none of these others has ever entered 

production for any number of reasons. Furthermore, in 2016 no domestic production of 

REE occurred at all within the USA due to the bankruptcy of Molycorp, the prior owner 

of Mountain Pass. In June 2017, the mine was sold for 20.5 million USD to a holding 

company known as MP Mine Operations LLC., of which Shenghe Resources Holding 

Co., a Chinese firm, is a minority shareholder. Additionally, Shenghe was granted the 

exclusive rights to market all REE products from Mountain Pass. However, the other 

shareholders are U.S. investors, thus some degree of domestic control is still present. 

[7] 

Much like Bayan Obo, the Mountain Pass deposit is blessed with a relatively high 

grade on the order of 8% REO, as well as a significant underlying Resource volume. A 

more detailed discussion regarding the specifics of REE production at Mountain Pass is 

given later in this report in order to better contextualize the implications of this research. 

In the simplest terms however, it can be said that despite the high grade of the deposit, 

the co-occurrence of calcite and dolomite represents a significant challenge to 

economic exploitation given their acid consuming nature as well coupled with their prior 

propensity for co-recovery to any REO flotation concentrates. Thus, the underlying 

motivation for this research is to evaluate what, if anything, can be done to improve the 

rejection of these minerals while preserving REO recovery. This is in hopes that this can 

enable a more economically robust domestic production of REE’s, and thus relieve the 

USA of its dependence on a foreign supply chain. 

1.4 United Kingdom / Burundi / European Union REO Overview 

The Gakara deposit in Burundi is noteworthy for a number of reasons, the most 

relevant of which are its mineralogy and due to the fact that it currently relies exclusively 

on gravity separation for ongoing commercial production. This deposit is uniquely high 

grade with an anticipated ROM range of 47% to 67% REO per the current exploration 

target. Thus, compared to most deposits, minimal upgrading is necessary to achieve the 
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offtake terms of 55% REO or greater. The REE mineralogy consists of predominantly 

bastnaesite and monazite, while the gangue consists mainly of barite and mica. Unlike 

Mountain Pass, the Gakara material is virtually devoid of calcite and dolomite despite its 

carbonatite mineralization. 

A simplified version of the proposed flowsheet is shown below in Figure 1-4. 

 

Figure 1-4: Gakara proposed process flowsheet. [8] 

 

For the lower end of these REE feed grades, the combined jig and shaking table 

recovery is estimated to be 83%, while for the higher grade feeds it is also higher at 

92%. The tailings themselves are noteworthy in as much as they are estimated to 

contain grades of up to 38% REO, which would still exceed the grades of existing 

exploited deposits. As a result, the tailings are intended to be stockpiled for potential 

future retreatment. [8] [9] 

The process plant began commissioning in December 2017 after only 9 months 

of construction. A head on view of the gravity separation area, as of December 2017, is 
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shown below in Figure 1-5. As of the end of fiscal Q2 2018, it has produced a 

cumulative 279 tonnes of concentrate grading 62% TREO. The operation is, as of the 

time of writing, still undergoing ramp up to hit its run rate target of 5 ktpa (5 tonnes per 

hour throughput), thus the reported production costs for Q1 2018 of 2,068 US$/tonne, 

exclusive of an additional 646 US$/tonne of transportation and sales costs, are 

considered atypically high and are expected to decrease “significantly” to an unspecified 

degree. The accompanying average sales price realized under the terms of its offtake 

agreement was 2,357 US$/tonne for the same period. [10] 

 

Figure 1-5: Gakara gravity and concentrate dewatering plant, December 2017. [11] 

 

For added perspective, at the proposed target run rate, this plant would result in 

Burundi becoming either the third or fourth largest global supplier of REE’s behind USA, 

Australia, and China, with the relative position of USA and Burundi being a function of 

what, if any, production volumes are occurring at Mountain Pass at a given time as well 

as Gakara’s run rate. 
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This is also geopolitically interesting in as much as production at Gakara can 

effectively be considered under the near complete control of a British firm. Regarding 

the former, 90% ownership of the project resides with Rainbow Rare Earths Inc in the 

UK via its subsidiaries. The remaining 10% ownership stake of the Gakara project is 

exempt from dilution and is held by the Republic of Burundi, which also holds a royalty 

agreement on production. One could arguably assert that, to an extent that other 

members of the European Union (EU), even in spite of ongoing Brexit negotiations, 

have partial sway over the project. This is due to the current 10 year long offtake 

agreement with ThyssenKrupp Raw Materials, a German multi-national corporation, for 

5 ktpa of concentrate, with a right of first refusal for an additional 5 ktpa. Barring 

corporate takeovers and/or an overthrow of governments, at present any other 

geopolitical parties are isolated from accessing the deposit or its related production. 

[12][13] 

1.5 Australia REO Overview 

For sake of geopolitical and geographical completeness, the Australian Mt Weld 

deposit represents the largest non-Chinese production source in 2017. The deposit 

itself is noteworthy in as much as possessing a higher head (up to 15.4% REO) grade 

than Mt. Pass, although not nearly as high of the Gakara project. The REE mineralogy 

consists of predominantly monazite as opposed to bastnaesite, although much like 

Mountain Pass it also relies on a flotation process for initial upgrading prior to leaching 

at a plant located in Malaysia. [14] 

1.6 Other Geopolitical Entities 

Should one choose to give credence to the notion, allegedly North Korea is in 

possession of decades worth of peak REO consumption, at the time of announcement 

estimated as having an in-situ Resource value of nearly 90% of global GDP output for 

2015, per an Australian firm’s assessment. In the eyes of this author, the notion is, 

bluntly put, absurd, lacking an NI 43-101 or JORC compliant resource. That said, should 

the resource be later quantified to be remotely valid, as it was stated they had a goal of 

producing a JORC compliant resource, this is globally noteworthy not withstanding 
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North Korea’s current lack of demonstrated REO extraction technology let alone 

resource exploitation. [15] 

  



11 

CHAPTER 2:  LITERATURE REVIEW 

2.1 Historical Gravity Context 

The use of gravity separation to recover various heavy minerals is one of the 

oldest methods of mineral processing, the historical development of which has included 

a wide number of unique apparatuses and increasingly novel applications. 

The specifics of who, when, and how gravity separation was first applied is a 

separate debate best left to historians, however it was certainly widely practiced by the 

middle ages. In the mid 1500’s Georgius Agricola compiled a tome describing the state 

of the art of mining and mineral processing titled De re Metallica, later released 

posthumously in 1556. With respect to gravity separation, this tome contained not only 

written descriptions of the use of what can be best characterized as sluices, but also an 

impressively large number of detailed woodcut illustrations demonstrating the proper 

use of such equipment. 

In a modern sense however, several new methods for gravity concentration have 

emerged since the early 1900’s. A number of these developments are attributed to 

society’s increasing consumption of heavy mineral sand (HMS) products, 

simultaneously coupled with feed grades decreasing by orders of magnitude. Simply 

put, a failure to continually innovate and adopt was virtually a death sentence for HMS 

mines. In many ways, HMS sand products could have been considered critical materials 

during WWI, WWII, and the Cold War given the direct applications to the construction of 

naval, aerospace, and later spacecrafts and missiles. This is historically relevant in the 

context of this study as HMS concentrates are often a mix of ilmenite, rutile, zircon, and 

monazite, the latter of which is an REE mineral. Thus, gravity separation represents the 

earliest deliberate method of concentrating REE minerals, thus predating the use of 

flotation such as is practiced at Mountain Pass. 

HMS processing has relied on a broad range of gravity separation apparatuses, 

including sluices, Reichert cones, spirals, and shaking tables to name a few examples. 

The selection, and coupled innovations, of these unit operations has largely attempted 

to achieve higher throughputs and selectivity while minimizing operating costs. [16] 
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2.2 Technical Context 

With few to no exceptions, gravity separation of two minerals of differing specific 

gravities are performed by exploiting the particles’ relative movements in response to 

the force of gravity and one or more other forces. In many of these units, one of these 

additional forces is a resistance to motion by a fluid, such as water or less frequently 

brines. 

In practice, this means that the capacity for separation of minerals is a function of 

particle sizes, shapes, compositional deportment, and carrier fluid characteristics in 

addition to just the specific gravities of the species of interest. As a result of these other 

factors, it is possible for a coarse particle with a low specific gravity to behave as if it 

were a finer particle with a high specific gravity and visa versa. 

While each gravity method has their own unique sets of forces and intricacies, it 

is possible to quantify the relative ease and potential use of gravity in a general sense 

via the use of the concentration criteria (CC) equation, shown below as Equation 2.1. 

 𝐶𝐶𝐶𝐶 =
𝐷𝐷𝑝𝑝ℎ − 𝐷𝐷𝑓𝑓𝐷𝐷𝑝𝑝𝑝𝑝 − 𝐷𝐷𝑓𝑓  (2.1) 

 

In the above equation, Dph and Dpl the specific gravities of the heavy and light 

minerals respectively, while Df represents the specific gravity of the carrier fluid. If the 

CC value is less than 1.25, then gravity separation is unlikely to produce an actual 

separation under industrial conditions. At CC values between 1.25 and 2.5, gravity 

separation may be possible with increasing viability as the CC value increases. For CC 

values above 2.5, gravity separation is potentially easy barring interference from any 

other factors. [17] 

With regards to REO ore at Mountain Pass, the REE content occurs across a 

mixture of bastnaesite, monazite, parasite, and other comparatively minor REE bearing 

species. Although guidelines exist for various mineral species, the specific gravity of a 

given mineral can vary across deposits worldwide by a range of as much as 0.5 g/cm3, 

thus a specific study would be needed to quantify precisely what these would be for 
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Mountain Pass. A range of CC values have been calculated based on the guidelines 

shown in Table 2-1 below. 

Table 2-1: Density and CC ranges of values by mineral species. 

Mineral 
Density 
(g/cm3) 

Concentration 
Criterion 

Bastnaesite (REE)CO3F 4.5-5 0.88-1.14 
Parasite 

(Ca(Ce,La)2(CO3)3F2 4.36 1.04-1.19 

Monazite ((Ce,La)PO4 5-5.15 0.84-1.00 

Synchysite (CaCe(CO3)2F 4.02 1.16-1.32 

REE Bearing Minerals 4.5-5 1.00 

Calcite (CaCO3) 2.7-2.84 1.90-2.35 

Dolomite (CaMg(CO3)2) 1.8-2.84 1.90-5.00 

Barite (BaSO4) 4.1-4.5 1.00-1.29 

Celestine (SrSO4) 3.9-4 1.17-1.38 

Quartz (SiO2) 2.6-2.7 2.06-2.50 
 

The results of Table 2-1 show that, in theory, gravity separation could be 

reasonably amenable for isolating calcite, dolomite, and quartz away from the REE 

bearing minerals, however it would likely be mildly challenging as the CC values are a 

bit less than 2.5. The same calculation also suggests that barite would likely be co-

recovered with any REE minerals given its CC value of nearly 1. 

It is assumed the combined REE mineral specific gravity is approximated as 

being 4.50 for purposes of calculating the approximate CC values compared to the 

dominant gangue minerals. Based on the results of Shriner’s heavy liquid testing, the 

bulk of calcite and dolomite is assumed to possess an SG of approximately 2.80 or 

more for purposes of calculating CC values. [18] This suggests the CC value for acid 

consuming gangue is likely closer to 1.90 than to 2.35. Thus, with regards to the overall 

objective of rejection of acid consuming gangue while preserving REO recovery, gravity 

separation appears on surface value to be a worthwhile albeit slightly challenging 

avenue for analysis. 
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More broadly speaking in the context of gravity separation, some units are better 

suited for certain particle sizes than others. Approximate ranges of conventionally 

acceptable particle sizes for various equipment are shown below in Figure 2-1. 

 

Figure 2-1: Commonly accepted feed particle sizes by operation type. [19] 

 

It is worth noting that these ranges are not absolutes, and continuing 

developments may shift a given unit in the coarser or finer directions. Additionally, 

Figure 2-1 predates the introduction of certain newer gravity methods such as the 

crossflow separator as well as the Ultrafine (UF) Falcon. 

With respect to Mountain Pass specifically, it is necessary to understand the 

current flowsheet and its implications regarding any proposed changes. In general 

terms, the current flowsheet consists of three stage crushing, followed by grinding and 

classification to a P80 of 50 microns or finer, followed by a multi-stage conditioning and 

flotation circuit as shown on the following page in Figure 2-2. 
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Figure 2-2: Molycorp 2014 flotation flowsheet. [20] 

 

The resulting cleaner flotation concentrate is dewatered and dried. From there, 

the float concentrate is subjected to a leach/crack metathesis circuit to dissolve the 

REO, however any Ca present in the float concentrate will also be leached at such a 

stage. The resulting leach liquor is then treated to remove Fe and Pb via precipitation 

and filtering prior to reporting to the various solvent extraction (S/X) circuits. [21] [22] 

The various SX circuits are numerous and complex in nature, consisting of 48 S/X cells 

for the Heavies and Impurity S/X combined circuits, and another 48 cells for the Nd/Pr 

S/X. [23] A simplified process flow diagram of both the leach/crack process and the 

various S/X circuits is shown on the following page in Figure 2-3 and Figure 2-4 

respectively. 
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Figure 2-3: Generalized leach/crack flowsheet [22] [24] 

 

 

Figure 2-4: Generalized S/X and brine treatment flowsheet [21] [23] [25] [26] 
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The resulting REO barren liquor from the S/X circuits is a predominantly NaCl 

brine solution, but still contains all the leached Ca in the form of CaCl2. In order to be 

amenable for use as feed to the onsite chloralkali plant to regenerate NaOH and HCl, 

the brine must be purified to remove Ca, Mg, and other impurities. This is achieved via 

precipitation of Ca with soda ash. Thus, any Ca that was present in the cleaner float 

concentrate incurs a cost not only in terms of HCl consumption, but also precipitation in 

the bine purification circuit and additional energy demands from the additional brine 

reporting to the chloralkali plant. The simplified flowsheet for the chloralkali plant is 

shown below in Figure 2-5. 

 

Figure 2-5: Mountain Pass Chlor-Alkali flowsheet [21] 

 

An overall site plan of most of the processing facilities is shown on the following 

page in Figure 2-6, illustrating the sheer scope and complexity of the above flowsheets. 

As seen in Figure 2-6, the process entails several different buildings. 
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Figure 2-6: Ariel view of Mt Pass process facilities (modern tailings, paste plant, and 
crushing not shown). [27] 

 

As shown in Figure 2-1, most methods of gravity separation become less 

amenable for particle sizes of less than 50 microns. This is particularly relevant given 

that the primary grind size for the current mill is a P80 of approximately 50 microns. 

Thus, the most likely gravity methodologies that are compatible with such a particle size 

would be shaking tables, traditional Falcons. As a result, prior studies have attempted to 

focus on these conventional gravity methods with varying degrees of success. Although 

excluded from Figure 2-1, the UF Falcon is specifically designed to be amenable for 

feeds of finer than 50 microns, however given the relatively young age of the unit, no 

prior identified studies have ever evaluated its amenability to Mountain Pass materials. 
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2.3 Centrifugal Concentrators 

As implied by the name, centrifugal concentrators make use of a spinning bowl to 

subject a material to elevated G-Forces. A feed slurry is introduced from the top of unit, 

upon which it encounters a spinning rotor at the bottom of the bowl. From there as the 

slurry travels vertically up the bowl walls, the solids will have, hopefully, begun to 

stratify, with higher SG particles clinging more closely to the bowl wall. Beyond this 

point, any number of configurations exist depending on the specific type of unit, 

however in all cases the gravity tailings will discharge over the lip at the top of the bowl. 

The first centrifugal concentrator, the Knelson, was introduced in the 1970’s followed 

shortly by the traditional Falcon to meet the needs of gold miners. The use of the term 

“traditional” Falcon in the context of this study is purely to distinguish it from its younger 

relative the UF Falcon, although both belong to the broader family of centrifugal 

concentrators. [18] 

There is a wide range of variety in this family regarding intended particle sizes, 

mass pulls, bowl geometries, concentrate collection and retention areas, and modes of 

operation. For example, the Knelson is a semi-batch concentrator, in which gravity 

concentrate is collected along the entire vertical length of the bowl. Furthermore, the 

Knelson includes the use of fluidization water along the length of the bowl. In contrast, a 

traditional Falcon utilizes a variety of rings at the top of the bowl to collect the gravity 

concentrate. [28] In one traditional Falcon configuration, it can operate in a continuous 

manner while omitting the use of fluidization water such as is pictured on the following 

page in Figure 2-7. 

2.4 Development and Theory of UF Falcons 

The development history of the first UF Falcon separator is well documented, 

with the first investigations occurring in November 2003 specifically to address the 

evolving needs of Tantalum Mining Corporation of Canada (Tanco.) 

The Tanco operation began in 1969, and is an underground room and pillar mine 

located east-northeast of Winnipeg in Canada, producing a mix of tantalum, lithium, and 

cesium mineral products. 
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Figure 2-7: Cross section of a traditional continuous Falcon concentrator. [29] 

 

With regards to mineral processing, the tantalum recovery circuit at Tanco has 

undergone numerous iterations since operations began in 1969 in response to changes 

in feed grade, mineralogy, and general improvements in industry wide technology. In 

the earliest years, the feed grade was reportedly three to four times higher than it was 

by the mid 2000’s. This early feed consisted of a coarse-grained Ta mineralization with 

a liberation size of 300 microns, thus allowing for comparatively easy recovery via 

spirals and shaking tables. As the liberation size continued to decrease significantly, the 

overall Ta circuit evolved accordingly up through 2002. [30] By then, the gravity circuit 

consisted of a combination of Mozley cyclones, Mozley Multi-Gravity Separators 

(MGS’s) and a Bartles cross belt concentrator as shown on the following page in Figure 

2-8. 

While this circuit was necessary at the time, it was far from ideal, recovering on 

average only approximately 50% of the Ta with a concentrate grade of approximately 

5.0% Ta2O5. These significant losses were attributed to the extremely fine nature of 

feed compared to typical operating conditions of MGS units, with the mean Ta losses 

consisting of particles of finer than 10 microns. This in turn was partially attributed to the 
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fact that MGS concentrators produce a lesser G-force compared to other equipment 

such as Falcons. 

 

Figure 2-8: Original Ta gravity flowsheet at Tanco prior to UF Falcon. [31] 

 

Thus, in November of 2003, Tanco began preliminary labscale testwork of a 

smooth walled high G-force concentrator from Falcon Concentrators Inc. under the 

recommendations of the latter firm that such a technology could exist despite the prior 

lack of commercial interest. The initial testing focused on individual streams within the 

original gravity circuit and showed promising results. Upon observing that performance 
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appeared to improve when treating lower pulp density streams, testing eventually 

occurred on the float concentrate itself, (a.k.a. the 2” Mozley cyclone feed.) This latter 

testing was especially promising as it succeeded in outperforming the entire original 

gravity circuit with a recovery of 81.5% Ta at comparable grades. The results of this 

comparative testing, alongside the original circuits typical performance (shown as brown 

dots) are shown below in Figure 2-9. [30] 

 

Figure 2-9: Original comparative testwork results of the UF Falcon at Tanco on various 
Ta streams. [30] 

 

These early results were so favorable in fact that it warranted near immediate 

testing on a larger scale, such that a Falcon SB-250 was subsequently modified for this 

very purpose. These large scale tests highlighted a number of factors regarding the 

underlying behavior of such a unit, such as a drop in performance once the flowrate 

exceeded 100 kg/hr. Additionally, this large scale testing allowed for a higher degree of 

resolution regarding the concentrate bed’s internal deportment of minerals. In short, the 

entire concentrate consists of discrete composition zones depending on the radial and 

vertical position within the bowl. A typical cross-section of these zones is shown on the 

following page as Figure 2-10. [31] 
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Figure 2-10: Compositional cross section of a fixed lip UF Bowl at Tanco. [31] 

 

The presence of the low grade region resulted in the idea that the use of a 

variable decreasing inner diameter lip, rather than a fixed one, would allow for gangue 

to escape rather than being trapped. This theory was put to the test using a customized 

lab unit, which later confirmed this hypothesis. [31] 

It should be emphasized that the normal lab scale UF bowl’s do not have any lip 

on them, and that the inclusion of such lips let alone variable ones is atypical of most 

current lab testing procedures. Because of this and other factors, lab scale testing 

results do not directly scale to industrial conditions, however they often correlate closely 
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enough to produce reasonably indicative product grades as well as target mass pulls for 

sizing considerations. [32] In a later, and completely unrelated study to Tanco, a direct 

comparison was possible between lab and plant scale results performed on an Sn float 

concentrate as shown below in Figure 2-11. This comparison indicated that, while 

isolated to a single plant scale data point, that lab scale results are still quite similar 

even on feeds of 98% passing 25 microns. [33] 

 

Figure 2-11: Side by side comparison of lab versus plant scale UF Falcon data. [33] 

 

The culmination of this testing ultimately yielded the first commercial application 

of a UF-600 unit, with commissioning occurring in April 2005 as photographed featured 

on the following page in Figure 2-12. 

As such, the UF Falcon is a comparatively young technology as of the time of 

writing. A typical cross section of a full scale UF unit is shown on the following page in 

Figure 2-13, including the variable lip. 
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Figure 2-12: Photograph of the first UF-600 in commercial operation. [31] 

 

 

Figure 2-13: Cross sectional view of typical commercial UF Falcon. [34] 
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As UF Falcons are batch rather than continuous units, it is possible via the use of 

a PLC controller and air valves to have the lip vary in diameter throughout the batch’s 

runtime. This, when coupled with the flowrate, essentially allows the user to specify a 

desired mass pull as the overall concentrate volume per machine is relatively constant 

for a given model. 

The ensuing operation after the installation of the first UF-600 at Tanco provided 

further insight into the behavior of UF Falcons in general at full scale conditions. In 

general, it was confirmed that pulp density, flowrates, g force (via the RPM setting), 

variable lip diameters, and to an extent the feed grade of the solids all play a role in 

influencing the performance of the unit. Of note, it was observed that while higher 

flowrates were often comparatively detrimental, this sensitivity appeared to be reduced 

when treating higher grade feeds, and in some cases surprisingly improved with 

increasing feed rates. It was also observed that pulp density was a strong factor in 

many cases, although the specific impacts of which varied. 

Although multiple stages (rougher, scavenger, and cleaner) were deemed 

necessary to produce the desired performance, this was ultimately possible while using 

only a single unit in all three duties depending on which batch was being processed via 

the use of surge tanks. The flowsheet of this installation is shown on the following page 

in Figure 2-14. 

This flowsheet ultimately replaced the entire original gravity circuit at Tanco while 

yielding an increase in performance from 50% to up to 70% (or more) Ta recovery at 

enrichment ratios of 5 and 10 for the original and UF circuits respectively. The 

installation and operation of the unit was reportedly trouble free, making this an 

extremely successful inaugural application of the UF-600 at commercial scale. [31] 

A later study performed by Kroll-Rabotin., attempted to derive a predictive 

mathematical model for UF Falcon behavior in the context of using a UF to separate 

coal from calcite and other ash components. In this case, the calcite is the “heavy” 

mineral compared to the coal. 
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Figure 2-14: Tanco UF-600 full scale flowsheet. [31] 

 

The resulting equations indicated that a class of particle’s recovery (Cp) would be 

a function of several parameters including a bowl factor (λ), rpm (ω), the solids volume 

fraction in the feed (ϕ), feed volumetric flowrate (Q), the bowl’s dimensions (Rmin, Rmax, 

Hbowl), the fluid’s density (ρf), a particle class’s radii (r) and density (ρp), tailings slurry 

density (ρs), viscosity (µ), and finally washability (ffeed). The relevant equations are 

shown on below in Equation 2.2 and Equation 2.3 directly as reported in the study. [35] 

 𝐶𝐶𝑝𝑝 = min�4𝜋𝜋
9
∗ 𝜆𝜆 ∗ (1 − 1.6𝜙𝜙) ∗  

𝜔𝜔2𝑄𝑄 ∗ �𝜌𝜌𝑝𝑝 − 𝜌𝜌𝑠𝑠� ∗  
𝑟𝑟2𝜇𝜇 ∗  𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 ∗ 𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚

∗ 𝐻𝐻𝑏𝑏𝑏𝑏𝑏𝑏𝑝𝑝, 1� 

(2.2) 

 

 𝜌𝜌𝑠𝑠 =  𝜌𝜌𝑓𝑓 +  𝜙𝜙��𝜌𝜌𝑝𝑝 − 𝜌𝜌𝑠𝑠� ∗ (1 − 𝐶𝐶𝑝𝑝)𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑑𝑑𝑟𝑟𝑝𝑝𝑑𝑑𝜌𝜌𝑝𝑝 (2.3) 
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As a result, it was determined that for purposes of this study it would be best to 

vary particle size, pulp density (and thus by extension volumetric fraction of solids), and 

grind size (and thus particle radii) as the factors deemed most likely to produce a 

measurable change in response. 

It also predicted that even under conditions of total liberation, for equivalent 

particle size distributions, some fraction of light material will still inherently be recovered 

alongside a greater proportion of heavy materials. Applicable to Mountain Pass’s 

material, this suggests that in the absence of differential particle size distribution 

between calcite and bastnaesite, that the ratio of REO/Ca recovered in any given pass 

would likely approach a maximum value of approximately 2.3 REO/calcite under such 

assumptions. Thus, to get a higher overall separation, it would theoretically be 

necessary to use multiple stages of UF Falcons or to implement and/or supplement it 

with some other separation methodology. 

While UF Falcons have, in their short existence, have often been used in lower 

mass pull applications, recent interest has emerged regarding their use for much higher 

mass pulls approaching 90 wt%, particularly in cases where the feed consists of a high 

proportion of heavy minerals. [36] 

In a study released in 2017, Grewal and Neale attempted to evaluate the 

amenability of a multi-stage UF Falcon circuit for treating both a tin (Sn) float 

concentrate as well as the Sn float tailings from the Kabah Resources Sn operation. 

This study evaluated a relatively complex multi-stage laboratory UF Falcon flowsheet in 

both open and locked cycle conditions, as well as performing a limited direct 

comparison to full scale plant data separate from that performed at Tanco. 

Regarding the former, the study successfully demonstrated that while lab scale 

results do not directly correlate in a 1:1 fashion with plant scale performance, they are 

still a close enough approximation of performance to be reasonably indicative of 

anticipated outcomes for sizing and product grade purposes. In this case, the 

comparison was performed strictly on a rougher gravity basis. However, this study was 

only able to demonstrate this with a single data point on the Sn floatation concentrate, 

as shown previously in Figure 2-11. [33] 
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As shown in Figure 2-11, and echoing the sentiments of Sepro [32], it is believed 

that lab scale results are still likely a valid enough indicator of anticipated performance 

at plant scale conditions as to be appropriate for making flowsheet and sizing decisions 

while producing indicative product grades. This is considered valid even in spite of the 

lack of variable lip diameters on most lab scale units, as well as other factors such as 

variations in the operator performing the tests. 

A series of rougher gravity testing was performed by Gerwal and Neale in 

conjunction with the above comparative analysis in order to determine an appropriate 

target mass pull prior to any cleaner gravity testing. In this case, the feed was 90% 

passing 20 microns with a grade of slightly less than 8% Sn. The mass recovery yield, 

as well as the grade-recovery curves are both shown below in Figure 2-15. 

 

Figure 2-15: Mass-Recovery yield (left) and Grade-Recovery curves (right) respectively 
for multiple passes through the L40 laboratory concentrator using a UF Bowl. [33] 

 

The shapes of the curves shown above in Figure 2-15 are typical of most UF 

Falcon lab results, although the specifics often vary depending on the feed and other 

parameters tested. 

Building on the above data, Gerwal and Neale subjected this material to an open 

circuit multi-stage UF Falcon laboratory flowsheet as shown on the following page in 

Figure 2-16. 
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Figure 2-16: Lab UF Falcon rougher-cleaner open circuit flowsheet test of Sn float 
concentrate. [33] 

 

For sake of clarification, it should be noted that the “Mini UF Bowl” denoted in the 

above figure is in fact a variation of the normal lab scale UF bowl. The mini bowl 

consists of a smaller ID than the standard UF bowl, so as to better handle smaller mass 

feeds. Additionally, the mini UF bowl also has the same height as a normal UF bowl in 

order to fit within the surrounding dimensions of the L40 machine. It is assumed, but not 

explicitly confirmed, that the resulting data is still just as relevant in the presence of such 

a substitution. In general, no details were given regarding RPM’s, pulp density, or feed 

rates for any portion of the flowsheet. 
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The resulting open circuit test suggested that with respect to grade, the circuit 

was capable of producing a high grade final concentrate of 32.8% Sn, however at a 

lower overall recovery of only 41.9% due to losses in upstream gravity stages. It was 

hypothesized that the use of locked cycle conditions could potentially improve the 

recovery significantly. Given that this concentrate grade was considered saleable, and 

that in general the circuit appeared to work well, a locked cycle test was performed 

using the flowsheet shown below in Figure 2-17. 

 

Figure 2-17: Locked cycle configuration of lab scale rougher/cleaner/scavenger UF 
flowsheet on Sn float concentrate. [33] 

 

This hypothesis proved to be immensely accurate, as the resulting locked cycle 

cleaner concentrate not only improved in grade to 43.7% Sn, while simultaneously 
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nearly doubling recovery yielding in overall recovery of 82.5%, (compared to an open 

circuit result of 32.8% Sn and 41.9% recovery.) 

Further open and locked cycle testing performed on an Sn float tailings sample, 

with a coarse particle size of minus 212 microns at a grade of ~0.7% Sn, also 

demonstrated a significant improvement in grade recovery response as a result of 

locked cycle recirculation, however with a slightly different flowsheet configuration. In 

this case, the open circuit yielded a final concentrate grade of 53.4% Sn at a recovery of 

14.4%, while the locked cycle yielded a lesser grade of only 45.1% Sn, but at a greatly 

elevated recovery of 71.3%. For more context, under open circuit conditions, the 

combined rougher and rougher scavenger concentrate yielded a grade of 0.90% Sn 

with a recovery of 77.6% Sn. 

This tailings test is also noteworthy in a broader context as traditionally the 

accepted top feed size F80 for a UF Falcon is considered to be on the order of 50 to 75 

microns, thus the successful use of this technology on a minus 212 micron feed 

suggests the operating bounds of the machinery might be broader than currently 

accepted. 

In both cases, the ability to maintain on the order of 90% of the open circuit 

rougher + rougher scavenger’s valuable content to the final concentrate while yielding a 

significant enrichment ratio under locked cycle conditions is especially relevant in 

context of the later results of UF Falcon testing on Mountain Pass materials, particularly 

regarding the interpretation of open circuit cleaner gravity testing results. This is 

discussed in detail in its respective section elsewhere in this report. [33] 

As a final note regarding the study by Gerwal and Neale, with respect to the use 

of a locked cycle UF Falcon flowsheet in laboratory conditions, it has been suggested 

that such a test is comparatively time and material intensive, and increasingly so with 

the inclusions of additional stages. Thus, while it is seemingly capable of yielding 

significant improvements compared to open circuit conditions, such a test should only 

be performed upon completion of detailed open circuit testing to validate proper locked 

cycle flowsheet selection. [36] 
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2.5 Theory of Shaking Tables 

Shaking tables have been in wide spread industrial use for mineral processing in 

varying fashions for a much longer time than UF Falcons have even existed for. In 

general, a shaking table consists of an engineered riffled deck that oscillates back and 

forth. These riffles trap the high SG and or coarse particles, while the low SG and or fine 

particles flow over the riffle’s edge, yielding a separation as is illustrated in Figure 2-18 

below and Figure 2-19 on the following page. 

 

Figure 2-18: Plan view of typical shaking table operation. [37] 

 

In general, shaking tables are more often used in a cleaner rather than rougher 

capacity due to their comparatively low unit capacities and large floor area 

requirements. Their amenability to cleaner operation is improved by the fact that 

shaking tables can at times produce high upgrade ratios if used correctly on an 

amenable feed. There are a number of styles, such as the Wilfley and Diester, each 

with a number of options for the style of deck surfaces and riffle heights. They can also 

be adjusted to a degree in response to shifting mineralogy given that many feeds will 

exhibit a visually apparent banding when operating properly Key variables that can be 

adjusted are the deck angle, splitter positions, the frequency and length of the stroke, 
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wash water rates, and at times even the feed rate and slurry density provided such a 

change is compatible with upstream operations. Given the underlying operating 

principals of the shaking table, operation is generally improved when using a narrow 

band of feed size rather than a broad range. [37] 

 

 

Figure 2-19: Cross section view of typical shaking table operation. [37] 
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CHAPTER 3:  HISTORIC REE TEST WORK 

3.1 Schriner’s Prior Work 

Amongst the most relevant background work related to this study is that of 

Schriner, in which comparatively lower grade samples of Mountain Pass material were 

subjected to multiple evaluations of mineralogy, heavy liquid separation, micro-flotation, 

flotation, traditional Falcon, Wilfley and Diester table testing. This material exhibited an 

average composition of 12% Ca, 6.7% Ba, and 3.4% TREE. 

The heavy liquid testing was performed at SG’s between 2.70 and 2.95 on 

samples with feed sizes (P80) of 50, 144, and 762 microns. As one would expect, Ca 

exhibited a greater degree of separation from Ba and REE’s at finer grind sizes, and as 

the liquid SG increased up until SG’s of 2.95, wherein viscosity effects began to hinder 

effective settling. The results obtained at 50 microns showed the bulk of Ca sinking at 

SG’s of 2.70 or less, and floating at SG’s of 2.90 or greater. Given that Ca is 

predominantly occupied in calcite and dolomite, this suggests these minerals have SG’s 

of slightly more than approximately 2.80 on average with regards to this deposit’s 

occurrence. The results for Ca are shown in Figure 3-1 below. 

 

Figure 3-1: Heavy Liquid testing Ca results. [18] 
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A Design of Experiment (DOE) matrix was performed using a traditional 

laboratory Falcon, in which grind size, feed rate and RPM (and thus G-Force) were 

varied. Pulp density was held constant at approximately 10 wt% solids due to sanding 

issues with the upstream feed tank, and all tests consisted of 3 passes through the 

Falcon. The results of this testing indicated that the resulting REE grade was most 

strongly a function of grind size and feed rate, while RPM had a comparatively small 

effect. When attempting to maximize the combined concentrate REE grade, it was 

determined that the optimal conditions would be a low G-Force of 100 G’s, a fine grind, 

and a low feed rate. At these conditions, the combined product exhibited average 

grades of 14.5% Ca, 13.13% Ba, and 7.8% TREE [18], while TREE recovery varied 

between 36.8% and 50.6%, with Ca rejection ranging from 48% to 68% Ca. [39] 

Preliminary Wilfley table testing with a whole ore sample by Schriner indicated 

the possibility that the deck surface was deformed at the concentrate edge, which 

prevented obtaining a metallurgically relevant grade recovery response due to the 

resulting recombination of concentrate with tailings. However, point sampling of regions 

on the table deck via a pipet, as shown below in Table 3-1 and Figure 3-2 on the 

following page, indicated that significant separations were occurring at some regions of 

the deck. 

Table 3-1: Shaking table point sampling assays. [39] 

Spot # 1 2 3 4 

Ca, % 1.6 1 1.4 29 

Ba, % 15 35 40 1 

TREE, % 39 27 20 1.2 
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Figure 3-2: Shaking table point sampling locations. [39] 

 

This point sampling suggests that Ca is present as a dark brown species (Point 

4), which could possibly consist of dolomite as well as calcite. REE’s were present in a 

number of colored bands of varying Ba content (Points 1-3), all of which were notably 

depleted in Ca suggesting these portions are fairly liberated from calcite. 

The Wilfley table testing was also supplemented by a series of tests on a Diester 

table, from which a preliminary grade recovery response could be obtained. This test 

suggested that a combination of products, when subjected to reprocessing, could result 

in up to 81% TREE recovery and 53% Ca recovery. 

Microflotation testing was performed to evaluate potential variations in flotation 

response as a function of varying reagent regimes. While not directly impacting the 

conclusions of this study, it is worth noting in respect to overall evaluations that have 

been performed on Mountain Pass sample materials. 
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Comparative bench scale flotation testing was performed by Schriner on both 

whole ore and on a gravity concentrate samples using a hydroxamic acid collector and 

ammonium lignin sulfate (ALS) as a depressant. This work suggested, on a stage basis 

of flotation, that TREE recovery increased slightly from 77% to 82% when performed on 

gravity concentrate. Although Ca recovery remained unchanged, the resulting grade 

decreased from 9% Ca down to only 5% Ca when performed on a gravity concentrate. 

On a combined gravity and flotation basis however, this yielded a cumulative 

TREE recovery of only 41%. As a result, Schriner predicted that the Falcon gravity 

recovery would need to achieve a minimum value of 78% TREE to break even with 

regards to final recovery targets. Schriner proposed that such a recovery could 

potentially occur should the number of passes in the Falcon be increased from 3 to 6 as 

shown below in Figure 3-3. [39] 

 

Figure 3-3: Measured and extrapolated optimal traditional Falcon responses. [39] 

3.2 Mintek’s Work 

Amongst those that have performed specific gravity separation work on materials 

originating from Mountain Pass, rather than general REO ore bodies, is Mintek. 

Per Mintek’s objective, successful gravity separation on the Mountain Pass 

material was defined as achieving greater than 40% REO grades. Thus, the focus was 

not on the rejection of acid consuming gangue minerals, although an unspecified 
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degree of this was noted to have occurred during such testing. Both traditional Falcons 

and shaking tables, as well as heavy liquid separation, were reportedly tested by 

Mintek. The specific results of the gravity testing were not disclosed by the authors of 

the report, thus direct grade / recovery relationships cannot be directly obtained for 

comparison to this study or that of Schriner’s. However, general observations were 

given, in their words, that “Shaking table and [traditional] Falcon testwork showed no 

preferential upgrading of the REE-bearing minerals to the concentrate even at a very 

fine grind of 100% - 38 microns. It was noted that the composite particles containing 

higher ratios of dolomite and quartz compared to REEs reported to the gravity tailings, 

causing high REE losses.” [40] 

3.3 Bokan Mountain Material 

While the aforementioned studies involving gravity separation have focused on 

materials originating from Mountain Pass, another study by Narantsetseg in 2014 was 

performed on material from the Bokan Mountain deposit located in Alaska, USA. 

The sample tested in Narantsetseg’s study consisted of concentrate material that 

had already been subjected to DEXRT sortation, thus had already been upgraded to a 

head grade of approximately 2.0% TREE. The upstream sortation recovery was not 

stated in this study, thus all recovery values were reported in reference to the sortation 

concentrate contained TREE content rather than on a ROM basis. 

While the exact method of gravity separation tested was not explicitly stated in 

Narantsetseg’s study, it was determined that up to 52.8% LREE recovery was possible 

via gravity separation. If supplemented via WHIMS on the gravity tailings, the net 

recovery of gravity + WHIMS combined concentrates increased to up to 80.5% LREE 

and 80.9% HREE in an overall 53% mass yield. All values are reported on a post 

sortation basis. [41] 

Separate and prior studies commissioned by UCore REE Inc. have also 

suggested that Bokan Mountain material is reasonably amenable to magnetic 

separation even in the absence of gravity separation, thus the REE recovery values 

stated by Narantsetseg are plausible but possibly not much better than simply magnetic 
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separation could have been alone. [42] However, it is also possible the combined 

flowsheet produces a more favorable mass rejection and REE grade enhancement. 

Regardless of the specific comparative conclusion, the combined studies suggests that 

REE bearing materials from Bokan Mountain are amenable to physical upgrading via a 

combination of DEXRT sortation, an unspecified method(s) of gravity separation, and 

multiple styles of magnetic separation. 

3.4 Overview of Parallel Studies 

During this study, two parallel but interconnected studies were performed by 

Everly and Williams. 

As a continuation of the work performed by Schriner, Everly evaluated the 

amenability of a number of alternative flotation collectors at both micro and bench 

scales. Of note, two of these collectors demonstrated significant improvement to both 

grade and recovery, while three others were deemed promising enough to warrant 

further study. Two particular results of interest are Collector 2’s high grade concentrate 

with 77% REO recovery and 95% Ca rejection, and Collector 8’s high recovery 

concentrate with 90% REO recovery and 80% Ca rejection. [43] 

Williams’ study attempted to bridge the findings of both this study and Everly’s. 

This work included surface chemistry and microflotation testing on whole ore gravity 

concentrates with comparison testing to whole ore samples. The results of comparative 

microflotation testing indicated that, for the preferred collector, overall recovery would 

be worse on a gravity concentrate than on whole ore. [44] These results obtained by 

Williams, coupled with the earlier results from Everly, resulted in this study shifting focus 

from gravity pre-concentration of flotation feed to gravity treatment of flotation products. 

It is emphasized that bench scale flotation was not performed on whole ore 

gravity concentrates in Williams’ study. Additionally, this work included large scale 

rougher flotation testing of 10 kg feeds. One of these rougher flotation concentrates, LF 

2.2, was subjected to treatment via the UF Falcon under conditions derived from this 

study, the details of which are provided later in Section 5.12. Additionally, outside the 

scope of Williams’ study, this study subjected the respective LF 2.2 rougher flotation 



41 

tailings to UF Falcon scavenger circuit scoping tests, as detailed later in Sections 4.14 

and 7.1.2. No cleaner flotation or locked cycle testing was performed in any capacity in 

Williams’ study, nor in Everly’s or Schriner’s. 
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CHAPTER 4:  EXPERIMENTAL METHODS 

4.1 Sample Procurement and Preparation 

Approximately 1 tonne of crushed whole ore, approximately ¾” top size, were 

obtained from Mountain Pass’s ball mill feed stockpile, and received in the form of four 

55 gallon drums such as is shown below in Figure 4-1 and Figure 4-2. 

 

Figure 4-1: Exterior view of whole ore sample barrels. 

 

Figure 4-2: Interior view of whole ore sample barrels as received. 
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The material in these barrels was blended into 4 piles, and split into smaller piles 

via a modified cone and quarter method with shovels, and subsequently split into still 

smaller piles. Once any pile was deemed small enough, a final split was made by 

introducing all material to a Jones splitter, and the resulting splits were subsequently 

stored in individual 5 gallon buckets. Each bucket was labeled such that each upstream 

split was tracked as a distinct operation to facilitate analysis and identification of any 

anomalous data should it later be discovered. Such a process is illustrated below in 

Figure 4-3 and Figure 4-4. 

 

Figure 4-3: Whole ore splitting piles on tarp. 

 

Figure 4-4: Whole Ore splitting via Jones Splitter. 
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During the splitting, which occurred outside on a blue tarp in December 2016 

during a sunny day, a mild wind occurred late in the exercise, resulting in the 

introduction of a small amount of leaves from nearby trees. Additionally, early shoveling 

methodology resulted in partial destruction, and thus mild sample contamination, of the 

tarp itself and possibly also from the underlying asphalt. Care had been taken prior to 

laying the tarp to sweep the underlying asphalt of dirt and other possible contaminants. 

In spite of these complications, it is believed that minimal contamination or segregation 

of materials occurred during the splitting exercise. Special attention was also taken to 

sketch the overall splitting procedure step by step complete with spatial relation to any 

tarp damage. 

A 1 kg split from one of these buckets was obtained via Jones splitting, without 

being subject to any size reduction, and submitted for MLA. Conclusions regarding the 

representatively of this particular MLA sample are discussed later alongside the MLA 

results. [45] 

It should be noted that this whole ore sample was also utilized as a whole ore 

sample source in the parallel study by Nathaniel Williams. 

In addition to the whole ore material, four other types of material were received 

from Molycorp in separate 5 gallon buckets. These consisted of a bucket of ~ 30 larger 

rocks of sub-cutoff grade (less than 5% REO) material, a bucket of high grade crushed 

ore (~10% REO), a bucket of the Mountain Pass cleaner float concentrate (herein 

referred to as MPC), and a bucket of recent tailings from the facility. Samples of the 

latter two buckets were isolated and split via Jones splitter for mineralogical analysis. 

The MPC material was later subject to further manipulation, as it became clear 

that the material wasn’t fully dried. It also contained a significant quantity of coarse (up 

to ¼” particles) contaminant material, such as from road base or dust, from the way it 

had been stored at Mountain Pass. Both of these factors were believed to represent 

moderate problems for any further testing, and thus were in need of mitigation. The 

entire volume of MPC material, minus the split that had been sent out for MLA, was 

subjected to drying at approximately 150 F. Selected splits were subsequently 

subjected to dry cobbing at 10 mesh using the Falcon’s safety screen. This was done as 
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a safety measure to avoid damaging the Falcon unit or the feed tank system such as by 

clogging. 

All products resulting from subsequent testing on MPC sample have been 

preserved, with the exception of transfer losses and two MLA samples, for the sake of 

any later studies in light of concerns regarding uncertain future availability of the 

sample. 

The tailings material was later used as practice material in this study, as well as 

in a parallel study performed by Williams, and thus the sample has been fully discarded 

at time of writing. 

Although not explicitly confirmed by the representative of Molycorp., it is believed 

the crushed whole ore, MPC, and tailings samples were obtained from the general 

areas shown below in Figure 4-5. 

 

Figure 4-5: Approximate origins of sample material, image date July 2, 2016. [27] 

 

No further manipulation or analysis was performed on the sub-cutoff grade rock 

samples nor of the high grade ore as part of this or any parallel studies as of the time of 

writing. 
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4.2 Assaying Methodology 

Assaying of gravity products was performed via X-Ray Flouresnce (XRF) of 

fused disk products. The fused disks were produced by the addition of 0.21 g of sample, 

with no further size reduction aside the grinding accompanying the upstream gravity 

tests, accompanied by 10.29 g of a lithium borate flux with a composition of 66.67% 

Li2B4O7, 32.83% LiBO2, and 0.5% LiBr. The resulting mixture was then processed via 

the use of a Katanax X-300 fluxer, such as is pictured below in Figure 4-6, to produce 

the fused disk for XRF analysis. 

 

Figure 4-6: Katanax X-300 Fluxer. [46] 

 

The decision to use fused disks was driven by the fact that the individual mineral 

species can exhibit slightly different XRF response depending on the deposit it 

originated from, thus hindering the accuracy of the measurements. The use of a fused 

disk however allows for this matrix effect to be eliminated and normalized between 

samples, thus improving the accuracy of the resulting XRF measurements. It also offers 

other advantages compared to the use of pressed powder pellets. 

In order to produce quantitative rather than qualitative results, it is necessary to 

calibrate the XRF via the use of standards of known compositions to develop a 

“method.” Such a method had previously been created by Everly for use in his studies, 

which also determines the sample addition required for the fused disks. This method 

was used throughout this and Williams’ study in order to improve the ability for direct 
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comparisons of assays. It is worth noting that Everly’s microflotation experiments often 

resulted in having relatively little sample masses available for analysis, thus 

necessitating the use of a 2% rather than a 5% fused disk composition. 

This method had been configured to evaluate the Ca, Si, Mn, Fe, Ba, La, Ce, Nd, 

Pr, Dy, and Y content of the respective samples, however excluded Mg, and Sr. It is 

recommended that future studies include Mg (as a proxy for dolomite), and Sr in such 

an analysis so as to yield a more nuanced evaluation of gravity and flotation 

performance. Additionally, while the XRF is not necessarily ideal for such analytes, the 

inclusion of P and S into the results could offer a qualitative insight regarding the 

deportment of monazite (via P) as well as any possible separations of strontiate from 

celestine (via a combined consideration of Ba, Sr, and S.) 

In general, values for Mn, Fe, Dy, and Y were unreliable due to the relatively low 

amount present, such that they were generally not included when calculating the 

performance of any gravity test. However, they did serve as a crude indicator for the 

presence of possible cross contamination with samples from other studies performed in 

the same facility, as a spike in any of these values would be a warning that such a 

possibility occurred. 

4.3 Original Falcon Test Parameters 

A laboratory scale Falcon (Model L-40) equipped with a variety of bowls was 

used to evaluate the amenability of the material to both a traditional and UF Falcon 

depending on the choice of bowl. The values for RPM can be set via an electronic 

controller, and in the case of traditional Falcon testing, the fluidization pressure can be 

adjusted via turning a valve on the underside of the unit until the pressure gauge 

indicates the desired value. A typical Falcon L-40 unit is pictured on the following page 

in Figure 4-7. 

Parameters for a scoping test with a traditional Falcon were based on the optimal 

values derived by Schriner as a starting point for this work. Due to certain limitations in 

the details provided surrounding Schriner’s Falcon testing, it was not possible to 

specifically duplicate the values for flowrate nor the fluidization pressure. 
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Figure 4-7: Typical Falcon L-40 unit. [47] 

 

It should also be noted that in the interim period between this and Schriner’s 

work, the pressure valve had been replaced on the Falcon unit due to an unspecified 

issue, nor is it known if this issue was present during Schriner’s evaluation. Additionally, 

the Falcon itself had been transferred to a different laboratory, thus the pressure of the 

water supply upstream of the valve conceivably may have varied. Based on anecdotal 

evidence, it appears possible that the fluidization water addition used in this study was 

greater than in Schriner’s, although this could also be impacted by variations in slurry 

feed rate between this and the former study. Both of these observations are largely 

based on the greater number of buckets needed in this study (~6 buckets) relative to 

Schriner’s (~2 buckets) to contain the tailings in a given pass for an otherwise similar 

feed mass and pulp density. 

As a relatively low fluidization pressure of approximately 0.6 psi was desired, 

relative to the minimum pressure of 0.5 psi for the unit itself, it became apparent that 

this would be challenging to keep consistent throughout a given pass, let alone multiple 

passes. Despite the valve position remaining constant, it was observed that the 

pressure would fluctuate to values as high as 1 psi over the course of a pass. Given that 

excessive fluidization will inherently result in a lower mass recovery overall, such a 
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degree of variation represents a materially significant impact on any anticipated 

grade/recovery response. 

On the opposite end of the spectrum, excessively low fluidization pressure poses 

an experimental risk in as much as fines from the concentrate can inadvertently end up 

reporting into the water jacket system of the Falcon, thus remaining unaccounted for in 

both the concentrate and the tailings streams. 

Additionally, the choice of 10 wt% pulp density was based originally on practical 

lab equipment considerations rather than as an experimental variable. The overall feed 

tank and agitator system, as used up through this point, was observed to pose sanding 

issues for pulp densities higher than 10 wt%, thus artificially constraining this parameter. 

The resulting volume of waste water generated during this testing represented an 

additional challenge to material handling as nearly all of the tailings volume would need 

to be filtered between each pass simply to fit back in the feed tank. 

While the results of the scoping test suggested the combination of grind size and 

RPM could be amenable for treatment, the challenges that had been encountered 

warranted the evaluation of alternative methodologies before committing to further 

study. 

4.4 Preliminary UF Falcon Test Parameters 

Based on perceived amenability and due to lab scale difficulties encountered 

during testing of the traditional Falcon, the use of the Ultra Fine Falcon bowl was 

evaluated at a scoping level. Based on a preliminary literature review, this unit could 

produce high mass pulls in a single pass without the need for fluidization water. A key 

difference between the labscale traditional Falcon and UF Falcon is that the bowl for the 

latter has no inputs for fluidization water, and is much more vertical rather than conical 

in profile. It also lacks any sort of ridges such as are found in the traditional bowl, and 

due to the lack of fluidization water inlets all of the concentrate is confined to strictly the 

bowl itself. Both labscale units make use of the same overall Falcon lab unit, as the only 

difference is the choice of bowl. 
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The first of these scoping test was performed at similar conditions to previous the 

traditional Falcon test, however the RPM’s were intentionally reduced in an effort to 

maintain selectivity in the absence of fluidization water. The results, as discussed later, 

were sufficiently promising enough to warrant a complete and immediate shift in focus 

from the traditional to the UF Falcon for subsequent testing. 

A follow up test (UF-T2) was performed using a finer grind size, but otherwise 

identical parameters, to UF-T1. Unintentionally, this test highlighted further issues with 

the feed tank system, in particular the impacts caused by a lack of baffling at high 

agitation, and the impact of insufficient agitation, in the first and second passes 

respectively. 

In the case of the former issue, the discharge from the feed tank was abruptly 

interrupted mid-pass, which upon inspection it was observed that a vortex had formed 

such that the remaining slurry in the feed tank was flowing horizontally along the walls 

while leaving the discharge port completely visible. Additionally, a spill occurred once 

the agitation was reduced as the discharge valve had previously been fully opened in 

prior efforts to promote flow. In the case of the insufficient agitation, an extreme mass of 

feed residue, possibly on the order of 100’s of grams, was left in the tank. 

In light of these experimental failures during UF-T2 passes 1 and 2, further 

passes were made to see just how little feed mass could conceivably be processed in 

the unit relative to the recommended 1 kg. Thus, this test ultimately underwent 4 passes 

in total, with passes 3 and 4 occurring otherwise uneventfully. 

Given that UF-T2 pass 3 was otherwise considered experimentally successful, 

the decision was made to reprocess the remaining sample of UF-T1’s tailings for a third 

pass to evaluate potential for further improvement to REO recovery. As the tailings from 

UF-T1 pass 2 had already been subject to SG testing, resulting in the unquantified loss 

of 10’s of grams as thief sample, the cumulative grade/recovery relationship for passes 

1 through 3 is only indicative rather than quantitative. 
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4.5 Changes to the Feed Tank and Agitator. 

In light of the issues encountered in UF-T2, as well as the issue of enriched feed 

tank residue, it was determined that further testing with the original feed tank system 

would be inappropriate. As a result, a new feed tank was fabricated to address these 

issues. To evaluate the impact of the new feed tank, another scoping test (UF-T3) was 

performed at otherwise similar conditions as UF-T1. 

This test indicated that the old agitator was underpowered such that it would 

shutdown at higher settings once working against the slurry, thus limiting the ability to 

benefit from the baffling. The shaft was also too short for new taller feed tank, such that 

the slurry level fell below the agitator level approximately halfway through each pass. 

Additionally, it was visually observed that the coloration of the discharge slurry would 

noticeably change approximately three-quarters of the way through a pass. No 

photographs exist of this change as the attention was focused on the experiment itself, 

however impressionistic opinion is that it became more transparent. Overall, a change 

of the visual characteristics of the discharge slurry would suggest a commensurate 

change in slurry composition. 

If the impressionistic observation is accurate, this would suggest the pulp density 

at the beginning of a pass was higher than it was at the end of a pass. This assumption 

is further supported by the initial clogging of the discharge valve at the beginning of the 

passes. It is worth noting that in spite of the generally insufficient agitation, the quantity 

of residue in the feed tank was virtually eliminated compared to that of the old system, 

particularly in the context of test UF-T2 Pass 2, indicating the new feed tank design was 

successful in this regard. 

A new and improved agitator was subsequently installed such that it could reach 

deeper into the conical portion of the new feed tank. Additionally, this new agitator was 

not only higher powered, but also more precise such that the RPM value could be 

specified digitally rather than as an overly sensitive function of dial position. As detailed 

later in the results section of this report, this change in agitator resulted in an 

improvement to recovery on the order of 20% REO for similar mass pulls, which is 
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sufficiently high enough to have a material economic and metallurgical impact on any 

conclusions to be made. 

A final scoping test (UF-T4) was performed with both the new feed tank and 

agitator, this time using a higher pulp density, finer grind, and higher G-force than had 

been used in UF-T3. For this and all other tests forward, the agitator RPM was held 

between 508 and 560 RPM. The use of higher pulp density was particularly relevant, as 

this reduced the initial volume of slurry such that it would have fell below the old agitator 

level all together. Additionally, the use of a 20 wt% pulp density was intended to 

evaluate the boundary conditions for subsequent DOE matrix testing in context of 

recommended maximum industrial operating conditions. Unlike with the previous feed 

tank, the use of 20 wt% solids was still able to avoid significant sanding issues, thus 

allowing this to be studied as a new variable. In a procedural context, this test indicated 

the revised peripheral equipment configuration was capable of overcoming virtually all 

of the limitations experienced in prior testing. 

The ultimate configuration of peripheral equipment is shown in Figure 4-8 and 

Figure 4-9 on the following page. This configuration was also utilized in later work 

performed by Williams. 

4.6 Grind Size Calibration 

An entire bucket of whole ore was crushed via roll crushers with two successive 

passes at 4.30 mm and 2.40 mm. From there, the resulting crushed material was split 

into charges of approximately 900 g and 450 g via the use of a Jones splitter. As the 

particle top size had been greatly reduced from that of the original bucket of material, it 

was believed that representative samples could be obtained at these masses unlike 

what had occurred with the whole ore MLA specimen. Efforts were undertaken to 

ensure the entire vertical profile of the bucket and later splits was subjected to identical 

degrees of splitting to reduce the impact of settling of fines between samples. 

A lab scale rod mill was used to induce further particle size reductions. A 

consistent model and number of rods was used in all instances. 



53 

 

Figure 4-8: Exterior view of ideal feed tank configuration. 

 

 

Figure 4-9: Interior view of ideal feed tank configuration. 
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Utilizing a combined charge per sample of approximately 1300 g, (via 

combination of a 900 g and 450 g splits), each grind size calibration sample solids were 

added to the rod mill at 50 wt% addition (excluding the weight of rods.) The use of 1300 

g was selected so as to best approximate the intended feed mass of subsequent trials. 

Upon completion of rod milling, each resulting slurry was filtered, dried, and 

subsequently split by Jones splitter to produce on the order of 300 g split ground 

samples in order to produce more readily suitable masses for sieving. 

Depending on the anticipated particle size distribution, utilizing the work of 

Schriner as a means of initial prediction, the respective sieve sizes used were adjusted 

accordingly by ground sample. However, in all cases the split ground sample was first 

subjected to wet sieving at 325 mesh in order to avoid blinding of coarser sieves via 

fines. The resulting wet plus and minus 325 materials were separately and 

subsequently filtered and/or even directly dried as appropriate (depending on volume of 

material). The dried plus 325 mesh fraction was subjected to further dry sieving via a 

rotap machine at various sieve sizes depending on the sample’s anticipated size 

distribution. The dry rotap minus 325 mesh fraction was subsequently recombined with 

the wet sieve minus 325 mesh fraction prior to any assaying or further processing if 

applicable. 

Later follow up work regarding analysis of UF Falcon gravity concentrates 

necessitated a re-evaluation of the grind calibration minus 325 mesh material so as to 

obtain side by side comparisons between feed and gravity concentrate particle size 

distributions. In such cases, a varying portion (via Jones splitting) of the grind calibration 

combined wet and dry minus 325 mesh material underwent further wet sieving and in 

some cases assaying at the 400 mesh level. The use of a 400 mesh screen was 

excluded from initial grind calibration analysis for purpose of expediency and due to the 

intended goal of grind calibration, as most targeted grinds were initially intended to be 

generally on the order of P80 325 mesh. 
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4.7 Stat-Ease DOE Matrix Parameters – Whole Ore 

It was decided that, of the various parameters purported to impact the response 

of a UF Falcon, it would be most worthwhile to focus on the impacts of feed grind size, 

bowl RPM, and initial pulp density. These three parameters were selected due to their 

impacts on equipment sizing, as well as relative ease of implementing with precision 

and repeatability. To confine the scope of this DOE testing to more manageable levels, 

the DOE matrix was designed as a two-factor rather than as a full factorial matrix, and 

all tests were constrained to only a single pass. The selected parameters are shown 

below in Table 4-1. 

Table 4-1: Whole Ore DOE matrix parameters. 

Test Conditions 

RPM Grind, 

min 

Pulp, 

wt% 

1 930 75 20 

2 930 120 20 

3 930 120 10 

4 930 75 10 

5 1320 75 10 

6 1320 120 20 

7 1320 75 20 

8 1320 120 10 

9 1141 90 15 

10 1141 90 15 

 

For grind size, a maximum P80 was selected of 50 microns as this is what vendor 

literature suggests as a typical maximum acceptable value, although higher values have 

also been reported. Additionally, 50 microns represents the P80 of the existing grinding 

circuit at Mountain Pass, thus the use of the parameter has an enhanced degree of 

industrial relevance in this situation. For RPM, given the relatively high mass pulls 

obtained during the scoping tests at relatively low RPM values, a minimum RPM was 
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selected corresponding to 50 G’s. The middle and upper RPM values were selected to 

represent 75 and 100 G’s respectively, although this is still significantly less than the 

upper limit of 600 G’s that can be obtained with the industrial scale unit. The value of 50 

G’s also represents the lowest setting available on the industrial scale UF units. For 

pulp density, a maximum value of 20 wt% was selected based on the recommended 

maximum obtained in correspondence with the vendor, itself in excess of the 

traditionally recommended maximum of 15 wt%. The minimum value of 10 wt% solids 

was selected to intentionally be higher than the typical minimum of 5 wt% in light of the 

need for multiple passes in series, as each subsequent pass will exhibit a lower feed 

pulp density than the pass upstream. As the industrial scale units are ultimately sized 

based on anticipated mass pull as well as proposed feed flowrates (with either solids 

mass or volumetric slurry flowrate being the limiting factor), the variation of pulp density 

would have a high impact on full scale CAPEX/OPEX. 

While either volumetric or mass based feed rates are often identified as a key 

factor in literature, the experiences obtained in the scoping testing indicated this would 

present a higher degree of challenge to implement specific ranges of values at lab 

scale. In particular, use of a constant discharge valve opening position presented 

excessive risk of spills due to overloading the top of the Falcon. Additionally, given that 

slurry density was being intentionally varied, there was even less certainty that a 

constant position would still yield a constant flowrate across all tests. Thus, to the 

degree possible, volumetric feed rate was held as close to constant during the matrix 

testing, with efforts being made to obtain on the order of 4 L/min of slurry average 

throughout a given pass. The duration of each test was recorded to allow the feed rate 

to be semi-quantitatively calculated, as precise measurements of the feed or tailings 

volumes was comparatively impractical in light of the necessary rinse water additions 

during each test. 

Given the reported effects in literature, an excessively high flowrate was 

considered to be more problematic than a low flowrate. In particular, literature has been 

noted that in some instances, it appears the impact of variation in flowrate can be 

negligible provided the variable flowrates all remain below a certain threshold value, 
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with such value being a function of the specific feed being treated. In light of the 

variation of stage flowrates experienced during scoping test UF-4, ranging from 

approximately 3.4 to up to 5.3 L/min, yet similar stage mass pulls, this presented the 

possibility the threshold could be on the order of 5 L/min or more at those conditions. 

Furthermore, some authors have proposed that the sensitivity to feed rate appears to 

decrease as the feed grade increases. Thus if feed grade is taken as synonymous for 

total heavy minerals content, the significant barite content in the feed samples 

potentially imparts a further buffer against flowrate sensitivity. 

Each test was ran for only one pass, with a feed of approximately 1.3 kg of 

solids. Discretion was practiced in regards to the final portions of each test, as a 

subjective trade off must be made regarding the handling of residue on top of the 

Falcon. In particular, there are the competing goals of introducing the entire feed mass 

against the goal of maintaining as near a constant pulp density entering the bowl itself, 

both of which are further complicated by efforts to maintain as close to constant feed 

rate as possible. Thus, some of the tests still had a relatively small portion of residue 

remaining on top of the Falcon once the test was considered complete. Any residue left 

on top of the Falcon was recombined with the resulting tailings of that test prior to 

massing or assaying. In general, where applicable this residue was estimated to be on 

the order of less than 10 grams, which is small in comparison to the overall mass of the 

tailings. While this introduces a bias into the analytical results, it is procedurally 

representative of how tests would have been performed when multiple passes are 

intended. 

The resulting concentrate in the bowl was massed following each test to evaluate 

the moisture content of the concentrate. This was achieved by removing the entire UF 

bowl, without any disturbance to the concentrate, and massing it within a container of a 

known mass. As the mass of the empty bowl is constant, (~603 g), the insitu moisture 

content can be directly measured by this method once the reclaimed concentrate has 

been dried. Additionally, the concentrate was removed from the bowl in a consistent 

manner in an effort to evaluate the presence of layers radially and vertically throughout 
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the concentrate. In a number of instances, photographs were taken in an attempt to 

document the visual appearance of the concentrates. 

Prior to the addition of wash water, the approximate volume of the tailings slurry 

was obtained by use of a bucket with marked levels as a less precise alternative for a 

volumetric cylinder given these volumes are on the order of 5 liters or more. This bucket 

was used in every test, and doubled as a means of evaluating adherence to the flowrate 

target while the test was in progress by checking the level once either 30 second or one 

minute had elapsed by opening or closing the discharge valve accordingly. By virtue of 

the slurry material properties, the ancillary equipment, and the resolution of the bucket, 

a target flowrate of approximately 4 L/min tailings slurry was used for most testwork. 

4.8 UF Falcon Concentrate Wet Sieving 

Samples of gravity concentrate from test UF DOE 1, 2, 9 and 10 were each 

separately split via a Jones splitter (to varying amounts depending on sample), and 

subsequently subjected to wet sieving and subsequent assaying at 400 mesh. Given 

the relatively low sample masses that were encountered of plus 400 mesh material in 

any of the concentrates, no further or coarser sieving was performed on gravity 

concentrates plus 400 mesh material so as to avoid loss of resolution of the data as well 

as ease and accuracy of assaying at the 400 mesh level alone. 

4.9 Scoping Shaking Table Tests – Whole Ore 

A scoping test was performed on a Wilfley table with a sands deck on a sample 

of ground whole ore material in an attempt to refine the conditions to be used in any 

further testing. Conditions were varied over the course of the test until visually 

acceptable, however most products from throughout the test were comingled, or in one 

case lost to an unquantified spill. As a result, this test was indicative in nature, and 

cannot be used to assign a specific grade recovery response. 
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4.10 Stat-Ease DOE Matrix Parameters – Mountain Pass Cleaner Float 

Concentrate 

In an effort to compare the response of the UF Falcon on varying feed materials, 

a second DOE matrix was performed with the UF Falcon using samples of cleaner 

flotation concentrate obtained from Mountain Pass’s stockpile. The parameters of this 

matrix are shown below in Table 4-2. 

Table 4-2: MPC UF DOE matrix parameters. 

Test 

(MPC) 

Conditions 

RPM Pulp, 

wt% 

DOE 1 930 20 

DOE 2 930 10 

DOE 3 1320 20 

DOE 4 1320 10 

DOE 5 1141 15 

DOE 6 1141 15 

DOE 7 1320 15.1 

 

This material already possessed a relatively fine particle size of P80 37 microns, 

and broader research considerations dictated a preference to avoid any destructive 

modifications to the material, thus unlike the first DOE matrix grinding time was 

excluded as a parameter. 

In light of the results of the original DOE matrix on whole ore, both pulp density 

(by weight %) and RPM were included for consideration in this second DOE matrix. 

Each test consisted of ~1.4-1.6 kg of feed solids, and utilized the same bowl, 

ancillary equipment, and general procedures as used during the original whole ore 

matrix. The main deviation from the original matrix procedure to this was that, in 

response to requests surrounding environmental health and safety, each subsequent 
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test utilized the filtrate from the prior test to form a major portion and/or all of the “fresh” 

water pulping addition so as to minimize overall liquid waste generation. 

4.11 MPC UF Falcon Maximization of Gravity Concentrate REO Recovery 

In recognition that the mass pulls obtained in a single pass in the MPC DOE 

matrix were less than the REO mineral content of the original feed sample, even in the 

absence of assays it was apparent that further passes were needed to improve 

recovery. For simplicity sake, a flowsheet has been included below as Figure 4-10 

illustrating the efforts to maximize bulk recovery of REO, followed by a detailed 

discussion of the testing conditions. 

 

Figure 4-10: Flowsheet of MPC UF REO recovery maximization testing. 

 

A follow up test was performed on MPC UF DOE 6’s pass 1 tailings at the 

otherwise same conditions for pulp density and RPM as Pass 1. The resulting Pass 2 

tailings were too small in terms of mass to reliably perform a third pass. 

In light of the parameters recommended by Stat-Ease, MPC UF DOE 5’s Pass 1 

tailings were ran at the Stat-Ease parameters of 15.1 wt% and 1320 RPM. 

In order to experimentally validate the optimal parameters recommended by Stat-

Ease under Pass 1 conditions, test MPC UF DOE 7 was performed. The optimal 
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parameters were selected such as to assign a high preference towards minimizing Ca 

recovery. Once assayed, the tailings of MPC UF DOE 7 Pass 1 were subjected to a 

second pass also at the optimal conditions such as was used in MPC UF DOE 5 Pass 

2. 

To further expand the boundaries of REO recovery, the Pass 2 tailings from tests 

MPC UF DOE 5, 6, and 7 were combined in order to generate a single charge weighing 

approximately 1 kg. This was necessary in order to assure an experimentally valid 

amount of mass was available for Pass 3 as the individual tests Pass 2 tailings were too 

small to run with representative outcomes. 

Furthermore, in spite of violating guidelines for acceptable minimum feed 

masses, the entire Pass 3 tailings slurry underwent a 4th pass, with no deliberate 

adjustments made for pulp density aside from an unmeasured partial decant, in order to 

indicatively analyze potential for further gravity concentration. 

4.12 MPC UF Falcon Maximization of Gravity Concentrate REO Grade 

The purpose of the following testing was to evaluate how far the upper and lower 

bounds on REO and Ca grades respectively could be pushed under open circuit 

conditions. Given the nature of the testing, a flowsheet has been included on the 

following page in Figure 4-11 followed by a detailed discussion of the test conditions. 

The concentrates for MPC UF DOE 5,6, and 7’s Passes 1 through 3 were mixed 

together and split into three charges. Aside from the step between DOE 5-7 Pass 3 and 

Pass 4, all intermediate products were dried and massed prior to use as feed to 

subsequent processing. One of these charges, massing approximately 1.9 kg, was 

reprocessed in 1st Cleaner UF Test 1 for two passes, both of which at 15.1 wt% and 

1320 RPM. Two separate additional 1st Cleaner UF Falcon tests, (tests 2 and 3) were 

performed using a feed mass of approximately 900 g each as a means of primarily 

evaluating emerging hypothesis regarding concentrate mass limitations as well as the 

impact of even higher RPM’s (Test 3, 200 G’s) than the upper boundary of the DOE 

matrix tests. In both of these tests, the use of 15.1 wt % solids pulp density was held 

constant. 
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Figure 4-11: Flowsheet for MPC UF REO grade maximization testing. 

 

As shown above in Figure 4-11, the concentrates from 1st Cl UF Test 1 Pass 1-2 

were combined and used as feed for 2nd Cl UF Test 1. The conditions of this test were 

intended to be optimal, however due to human error, it was performed at a slightly 

higher pulp density of approximately 17 wt%. Subsequently, the concentrates from 1st Cl 

UF Tests 2 and 3 were combined for use as feed for 2nd Cl UF Test 2 and ran at optimal 

conditions. 

The resulting concentrates from 2nd Cl UF Tests 1 and 2 were later combined 

and used as feed for 3rd Cl UF Test 1. Only one pass was performed due to sample 

constraints. This test was intended to be ran at optimal parameters, however in practice 

the procedure deviated from ideal as detailed later in this report. 

4.13 Further Wilfley Shaking Table Testing 

A Wilfley shaking table was used on whole ore and Mountain Pass concentrate 

samples to evaluate the potential amenability to processing compared to the use of a 

UF Falcon. The extent of testwork with the Wilfley table was less than that of the UF 
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Falcon due to, at the time of writing, ongoing challenges associated with configuration of 

the experimental Wilfley unit itself. 

The same manner of deck deformation issue as encountered by Schriner also 

occurred during this testwork on both materials, although the creation of a limited 

amount of discrete concentrate fraction in both cases enabled for a slightly more 

meaningful grade recovery response to be evaluated. Additional issues further 

complicated efforts to produce meaningful results, such as launder configuration, feed 

introduction, and the overall leveling of shaking table unit. As a result, for all shaking 

table data points presented in this study, it should be noted that all data is at worst 

merely indicative, and at best semi quantitative in nature depending on the specific data 

point. 

The issue of launder configuration resulted in visually observed losses of material 

for the first two tests performed on Mountain Pass concentrate as portions of material 

discharged from the deck were failing to land in the launder, but instead continuing 

further backwards and landing on the bench surface or floor. As the approximate 

sample feed mass and grade was known in both cases, it is possible to approximate the 

extent of these losses. This issue was later rectified, prior to later whole ore testing, via 

slightly elevating the launder coupled with the installation of plastic sheeting underneath 

the deck, which was draped into the launder, so as to physically block material from 

missing the launder.  

Throughout the testing, it became clear that the exact method by which the solids 

were introduced to the table deck was conceivably impacting performance. As a result, 

each test has been performed with a different feed methodology in an effort towards 

improving technique. To this end, Table Test 3 on whole ore was performed primarily to 

evaluate if a given smaller slurry vessel offered an improvement to control, as well as to 

evaluate the efficacy of the skirt underneath the deck. Compared to the pan used in the 

scoping test and Table Test 1 MPC, and the larger bucket used in Table Test 2 MPC, 

the smaller vessel appeared to offer an improvement. At the least, the latter two tests 

suffered from spills during feed introduction, resulting in reduced mass accountability. 

Given that the small slurry vessel appeared superior to any method tested thus far at 
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that point, this was reused for Table Test 4 on whole ore. As one of the concentrate end 

hoses was unintentionally removed from its collection bucket, no grade recovery data 

was collected in Test 3. 

The issue regarding the leveling of the shaking table unit represents a higher 

degree of challenge to rectify as any shims that would need to be added must also be 

sufficiently strong enough to adsorb the vibrational energy of the unit itself. Additionally, 

it would be necessary to run a number of tests to fine tune the degree of shimming. 

Based on visual observations of trials performed as of the time of writing, it is believed 

the deck is possibly slanted slightly towards the tailings edge, which potentially is 

diverting some portion of the feed effectively directly to tailings. 

4.14 Flotation Tailings UF Falcon Scavenger Testing 

The remaining specimen of rougher flotation tailings from William’s LF 2.2 test 

were split into samples of approximately 1.4 kg. Two of these charges underwent 

parallel UF Falcon testing at 15.1 wt% solids and 1320 RPM, one of which was 

performed over two passes as of the time of writing. The purpose of these scoping tests 

were to evaluate the potential for co-recovery of the remaining REO in what would 

plausibly be a barite rich gravity concentrate. As specifications for barite drilling mud 

products have undergone market changes in recent years, including the emergence of 

finer particle size products than prior specifications allowed for, it was deemed possible 

that barite could potentially become a byproduct of REO production. [48] [49] 

Similar testing of the original Mountain Pass tailings sample was not possible as 

the entire supply of this material had been previously expended and discarded by this 

point of the study. 
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CHAPTER 5:  RESULTS AND DISCUSSION 

5.1 Mineralogy and Assaying 

Detailed mineralogy data derived from the MLA testing can be found for several 

material in Appendices A through C, [50][51][52][53] however Table 5-1 and Table 5-2 

as shown on the following pages summarize the abbreviated overall mineral and 

calculated elemental compositions of multiple MLA samples related to this thesis. 

Additionally, while excluded from the following tables, MLA mineralogy data for 

materials generated in Williams’ UF Falcon gravity testing and select flotation tests are 

also included within a portion of Appendix C, as well as in Appendix D in full. 

Head assays of these MLA materials via the XRF method used in this study are 

shown on page 68 in Table 5-3. However, in the case of whole ore, the values shown 

are that of a later assay on ground material rather than the specific MLA sample in light 

of concerns regarding improper sub splitting of the MLA whole ore sample as discussed 

later in this report. Thus, the values for whole ore could be inherently different between 

this and Table 5-2. Additionally, the values shown for the Ore UF gravity concentrate 

represent a calculated combined composition of the respective Pass 1 and Pass 2 

assays rather than a single assay on the combined materials. 

Excluding the whole ore head assay values due to the change of samples, a few 

noteworthy deviation trends are apparent between the XRF assays and the semi-

quantitative MLA elemental compositions. In all other cases, the MLA values exhibit 

higher Ce, and thus higher REO grades, than the respective XRF counterparts. 

However, the XRF REO grades for MPC, and even whole ore material, are in relatively 

close agreement with reported compositions at Mountain Pass per the 2013 10K [54] 

and 2015 10Q [25] statements by Molycorp. In the case of whole ore, the REO grades 

would be expected to be on the order of 7% to 8% REO, while the MPC material from 

that timeframe would be expected to run somewhere between 50% to 55% REO 

depending on the specific production years comprising the MPC material. Thus, while it 

is possible further refinement to the XRF method is necessary, particularly at especially 

low or high REO grades, the current method’s values appear generally reasonable. 
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Table 5-1: MLA Mineral compositions expressed as weight %. 

Sample Whole 

Ore 

MP 

Tails 

MP 

Conc. 

(MPC) 

Ore 

UF 

Gravity 

Conc. 

MPC 

UF 

3rd Cl 

Conc. 

MPC 

UF 

Pass 4 

Tails 

Bastnaesite 12.9 5.1 56.9 15.9 75.7 29.7 

Parisite 1.81 0.72 15.7 0.96 8.43 15.3 

Monazite 0.84 0.74 5.54 1.63 7.53 3.73 

Sychysite 0.67 0.18 3.62 0.75 2.49 8.74 

Allanite 0.01 0.18 0.08 0.15 0.07 0.91 

REE Silicates 0.05 0.1 0.2 ND ND ND 

REE Bearing 

Minerals 

16.3 7.02 82.0 19.4 94.2 58.4 

Barite 20.9 25.0 1.92 32.9 1.02 2.54 

High SG 

Minerals 

37.2 32.0 84.0 52.3 95.2 60.9 

Calcite 21.3 28.6 7.23 14.8 1.3 24.2 

Dolomite 16.2 13 1.2 12.5 0.23 3.83 

Low SG 

Carbonate 

Gangue 

37.5 41.6 8.43 27.3 1.53 28.03 

Strontiate 

(Sr(CO3) 

1.57 1.74 3.76 1.68 2.11 3.55 

Total Carbonate 

Gangue 

39.1 43.3 12.2 29.0 3.64 31.6 

Quartz 5.97 8.39 1.23 4.26 0.19 2.82 

Celestine 8.59 3.29 0.58 7.35 0.22 0.32 

Apatite 0.24 0.04 1.32 0.13 0.43 2.7 

K_Feldspar 4.06 5.94 0.14 3.45 0.01 0.36 
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Table 5-2: MLA calculated elemental compositions expressed in %. 

Sample Whole 

Ore 

MP 

Tails 

MP 

Conc. 

(MPC) 

Ore 

UF 

Gravity 

Conc. 

MPC 

UF 

3rd Cl 

Conc. 

MPC 

UF 

Pass 4 

Tails 

Ce 4.91 2.11 24.0 6.19 29.9 16.7 

La 3.92 1.68 19.2 4.31 20.7 11.0 

Nd 1.17 0.46 6.43 1.74 8.32 4.44 

TREE 10.0 4.25 49.6 12.2 58.9 32.1 

REO 

via Ce 

11.6 5.00 56.9 14.7 70.9 39.6 

Ba 12.3 14.7 1.13 19.4 0.60 1.50 

Ca 12.5 14.7 5.35 8.96 1.98 14.6 

Mg 2.40 1.99 0.17 1.84 0.03 0.53 

Si 4.61 6.65 0.70 3.50 0.11 1.74 

Sr 5.03 2.61 2.52 4.51 1.36 2.26 

O 38.9 41 26.8 35.3 23.3 33.3 

P 0.16 0.11 0.97 0.24 1.07 0.99 

S 4.44 4.03 0.38 5.87 0.18 0.41 

C 5.75 5.74 5.79 4.48 5.14 7.01 
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Table 5-3: Typical head assays via XRF, values in weight %. 

Sample Whole 

Ore 

MP 

Tails 

MP 

Conc. 

(MPC) 

Ore 

UF 

Gravity 

Conc. 

(calc.) 

MPC 

UF 

3rd Cl 

Conc. 

MPC 

UF 

Pass 4 

Tails 

Ce 3.52 1.55 21.00 4.57 25.00 13.16 

La 2.37 0.77 15.86 3.34 18.92 9.96 

Nd 0.94 0.41 5.95 1.17 6.98 3.82 

Pr 0.28 0.12 1.92 0.42 2.30 1.22 

TREE 7.11 2.85 44.72 9.50 53.20 28.16 

REO 

via Ce 

8.35 3.67 49.79 10.84 59.28 31.21 

Ba 13.81 13.64 1.44 16.74 1.09 2.21 

Ca 12.12 13.05 5.41 9.14 2.03 14.41 

Si 4.94 6.14 1.29 3.43 0.23 1.90 

 

Ca values exhibit the closest agreement between the XRF and MLA values 

across all samples, suggesting the XRF method is likely valid for quantifying Ca content 

within the composition ranges.  

In regards to the whole ore mineralogy, the results of the MLA analysis are 

believed to be indicative at best as the sample size was improperly low compared to the 

top particle size of the evaluated charge per the recommendations of Taggart. [45] This 

potentially explains the discrepancy between the elevated REO grade in the mineralogy 

sample compared to the calculated head grade of later traditional and UF Falcon testing 

on whole ore materials. Additionally, as the sample was pulverized as opposed to 

ground via rod mill, the liberation profile is not necessarily representative of anything 

applicable. However, the generalized suite of minerals present should be adequately 

accurate even in light of errors regarding sample preparation. 
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 The mineralogy of the MPC material indicated that significant coarse particles of 

calcite were present, with many of them exhibiting some degree of locking with REE 

bearing minerals. This is shown below in Figure 5-1. 

 

Figure 5-1: False color MLA image on MPC material. [50] 

 

However, on the whole, nearly 82% of the REE bearing minerals in the MPC 

MLA sample were fully liberated with respect to other mineral categories. 

When compared against UF Falcon MPC products in later test work, the final 3rd 

cleaner gravity concentrate showed near complete liberation approaching 95% of REE 

minerals being fully liberated within the majority of the sample. However, some calcite 

remained particularly in the minor +200 mesh fraction. It is believed the respective MLA 

REO grade is overstated at a grade of nearly 70% REO, however this would certainly 

be a more economically attractive, albeit arithmetically confounding, outcome if it were 

to prove valid at such a corresponding product grade of 2% Ca. 

The accompanying Pass 4 gravity tailings MLA sample, as expected, showed 

enrichment in calcite and reduced liberation of REE bearing minerals. However, even in 
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this sample, 70% of the REE minerals in the minus 400 mesh fraction were still fully 

liberated. The two coarser size fractions, +200 mesh and 200x400 mesh, showed 

significantly lesser extents of liberation with values of approximately 30% and 40% 

respectively for fully liberated REE minerals. This suggests that, should one wish to 

improve the potential gravity concentrate grade achievable by further processing, 

additional grinding of the +400 mesh fractions would be recommended to achieve better 

REE liberation. 

5.2 Grind Calibration 

The results of the grind calibration testing via the use of the laboratory rod mill 

are shown below in Figure 5-2, with accompanying P80’s given on the following page in 

Table 5-4. 

 

Figure 5-2: Ro-tap particle size distribution vs grind time. 
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Table 5-4: Grind time vs measured and predicted P80, Whole Ore sample. 

Grind Time Equivalent P80, microns 

60 minutes ~120 - estimated 

75 minutes V1 ~42 

75 minutes V2 ~50 

90 minutes ~42 

120 minutes ~30.6 - extrapolated 

 

Given that the P80 of the 120 minute grind sample was still less than 400 mesh, it 

was deemed necessary to extrapolate the P80 via a log-log extrapolation. It should be 

noted that contextually anything finer than 400 mesh would normally represent the lower 

practical limits for a rougher operation’s grind size at industrial scales. In this case 

however, it is not as out of the question to evaluate the materials at such a fine grind 

size in light of the combination of Mountain Pass’s comparatively low unit electricity 

costs, a reportedly soft work index, and the more traditionally reported UF Falcon top 

P80 feed size of 35 microns found in literature. 

The 60 minute grind material yielded a P80 of approximately 120 microns, which 

greatly exceeds that of the recommended maximum feed P80 for a UF Falcon of 50 

microns. As no immediate follow up work was planned for P80’s as coarse as 100 

microns, no further efforts were made to quantify the 400 mesh fraction of this sample. 

The first attempt to quantify the P80 of the 75 minute grind (V1) material yielded a 

particle size distribution nearly identical to that of the earlier 90 minute grind despite an 

allegedly identical procedure barring the different intended grind times. However, as 

further review of records indicated that the first 75 minute grind sample (V1) lacked any 

timestamps and dates amongst the record keeping, while the earlier 90 minute sample 

included such information, it is believed the initial 75 minute grind sample was 

unintentionally ground for 90 minutes despite the intent. This theory is further supported 

by the particle size distribution of a follow up version 2 test of another 75 minute grind 

sample, which was complete with time stamps, and yielded a comparatively coarser P80 

of approximately 50 microns. As 50 microns represented not only Mountain Pass’s 
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existing grinding design criteria capacity, but also some source’s upper limit for 

acceptable UF Falcon P80, the use of 75 minute grind times was preserved for later 

gravity testing in light of these two situationally and industrially relevant implications. 

The allegedly compromised data for the first 75 minute grind has been included 

in this report for purposes of full scientific disclosure of potential errors should follow up 

work by any future authors yield conflicting information to this study. For purposes of 

this study however, it is subsequently believed that the version 2 75 minute grind results 

are most likely to be the accurate values. As a result, the follow up 400 mesh testing 

was performed on Version 2’s 75 minute minus 325 mesh material rather than version 

1. 

In regards to this perceived error occurring in at least that one instance, during 

later follow up gravity testing, including all of the DOE matrix, additional procedural 

check mechanisms were implemented to assure that grind times were properly 

recorded and implemented, thus later results reported for 75 minutes should be 

genuinely coarser feeds than that of 90 or 120 minute samples even if the specific 

relevant P80’s have somehow been improperly determined in this section of the report. 

5.3 Original Falcon Results 

The results of the scoping traditional Falcon test indicated that up to 56.7% REO 

recovery could be obtained in a concentrate, while rejecting 65.3% and 75.6% of the 

mass and Ca respectively. The specific grade/recovery curves for REO and Ca is 

shown on the following page in Figure 5-3 below, and the detailed results are given in 

Appendix E. 

A direct comparison of the results against those of Schriner’s is improper given 

the disparity in feed grades of all critical components. Given the effort needed to 

perform the test as well as the relatively poor outcome compared to later testing of 

alternative methods, it was determined that further testing of the traditional Falcon was 

not warranted. 
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Figure 5-3: REO and Ca recovery via traditional labscale Falcon on Whole Ore. 

 

5.4 Preliminary Ultra Fine Falcon Test Results 

The results of UF-T1 indicated that in a single pass, the UF Falcon was capable 

of virtually matching the outcome obtained with 4 passes through the traditional 

Falcon’s scoping test, with an REO recovery of 55.2% and corresponding mass and Ca 

rejections of 64.9% and 73.8% respectively. Furthermore, with the addition of a second 

pass, UF-T1 achieved a cumulative response of 79.5% REO recovery and 54.7% Ca 

rejection. The quantitative and semi-quantitative results of test UF-T1, along with those 

of UF-T2 through UF-T4, are shown below in Figure 5-4 through Figure 5-6, as well as 

detailed in Appendix E. 

It must be emphasized from here on forward that in both the cases of traditional 

and UF Falcons, the number of passes used in the lab is not a direct analogue for the 

number of gravity units needed in series, as that is predominantly a function of intended 

mass pull and flowrates. Thus, the observation that the UF Falcon’s first pass was at 
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least not significantly worse than the 4 passes with the traditional Falcon indicated that 

a change of unit was acceptable for purposes of further study. 

 

Figure 5-4: Scoping Whole Ore UF Tests 1 to 4, REO Recovery vs Ca Recovery. 

 

 

Figure 5-5: Scoping Whole Ore UF Tests 1 to 4, REO Recovery vs REO Grade. 
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Figure 5-6: Scoping Whole Ore UF Tests 1 to 4, REO Recovery vs Ca Grade. 

 

As mentioned in the methods section, a third pass was performed at a later date 

after assaying the results of passes 1 through 2. However, unlike the quantitative results 

for passes 1 through 2, the combined results for passes 1 through 3 are inherently 

semi-quantitative due to the handling of a thief sample during the interim time period. 

While there are a number of reasonable ways to potentially rectify this, most 

mathematical methodologies indicated that the cumulative REO recovery was in the 88 

to 89% range, while Ca rejection was on the order of 35%. 

In terms of REO recovery to a dedicated gravity concentrate fraction, this result 

was still significantly higher by 10’s of percentage points than what has been previously 

reported by any other author utilizing material from Mountain Pass via any gravity 

methodology. Furthermore, Schriner’s results suggested the breakeven point for 

economically beneficial utilization of upstream gravity concentrate was approximately 

84%, thus the semi-quantitative result would have exceeded this target threshold. [39] 

Tests UF-T2 and UF-T3 are both considered irrelevant for inclusion into any 

statistical models due to the previously discussed flaws in experimental procedures and 

methodology. However, the results of both tests are included for comparison sake in 



76 

Figure 5-4 through Figure 5-6 so as to illustrate the impacts of proper peripheral 

equipment selection as it pertains to grade/recovery response. 

The initial results of UF-T2 paradoxically suggested a finer grind size could 

potentially result in an even worse concentrate grade despite an inherently higher 

degree of liberation. Subsequent testing of other 120 min grind feeds during UF-T4 and 

during the DOE matrix later revealed this conclusion was improper, and most likely was 

the result of the suboptimal feed tank and agitator system. 

Similarly, the results of UF-T3 would have been expected to be on par with, if not 

mildly superior to, test UF-T1 due to the improved feed tank, rather than being 

noticeably inferior. Subsequent testing of the 90 min grind feeds during the DOE matrix 

(UF-DOE 9&10) revealed that the sub-optimal choice of agitator for the new feed tank 

was likely the cause of this inferior grade/recovery response. 

Test UF-T4 was quantitative throughout passes 1 through 4, as well as benefited 

from proper equipment selection as was also used in the subsequent DOE matrix 

testing. The superior performance of this test relative to test UF-T2 further supports the 

conclusion that UF-T2 suffered predominantly from sub-optimal peripheral equipment 

selection rather than due to unfavorable mineralogy at that grind size. Similar to UF-T1 

passes 1 through 3, the results of 4 passes in UF-T4 produced a final REO recovery of 

approximately 89.0% and a Ca rejection of 29.8%. The results of UF-T4 pass 1 are also 

on par with later DOE matrix tests. 

5.5 DOE Whole Ore Matrix Results 

The results of the Stat-Ease DOE matrix testing on whole ore material are 

summarized on the following page in Table 5-5, while detailed results are included in 

Appendix F. 

The testing suggest that the use of 10 wt% feed pulp density is decidedly 

detrimental to performance on virtually any metric. This is contrary to the expectations 

of literature, which generally suggests lower pulp densities should produce more 

favorable outcomes. Similarly, the lack of noticeable increase in recovery with 

increasing RPM is also inconsistent with the equations proposed by Kroll-Rabotin. [35] 
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Lastly, it is noted that grind time is used here as a proxy for particle size as the former 

was what was controlled in the lab in an effort to induce the later. 

Table 5-5: Whole Ore DOE matrix abbreviated results. 

Test Conditions Conc. Grade, 

% 

Recovery, % 

RPM Grind, 

min 

Pulp, 

wt% 

Ca REO Ca REO 

1 930 75 20 8.15 12.50 21.44 50.72 

2 930 120 20 7.63 12.36 20.17 50.80 

3 930 120 10 7.42 13.74 17.52 49.09 

4 930 75 10 8.75 11.04 21.65 44.00 

5 1320 75 10 8.44 11.63 17.93 39.60 

6 1320 120 20 7.57 13.80 18.75 49.86 

7 1320 75 20 7.99 12.77 21.54 48.88 

8 1320 120 10 7.70 13.49 15.87 41.30 

9 1141 90 15 7.67 12.97 18.32 47.20 

10 1141 90 15 7.19 13.72 17.58 52.01 

 

The appearance of the gravity concentrate itself is worth noting given that it is not 

a homogenous mixture. To this end, different colored species segregate at different 

radial and vertical positions, seemingly in a manner similar to that of Figure 2-10. Given 

that later shaking table testing suggests a dark brown species is Ca rich, while tan 

colored species can be REE rich, it appears likely the heavy and light minerals exhibited 

a spatial deportment consistent with that of Figure 2-10, however no point sample has 

been performed to positively confirm the identity of each colored species region in the 

bowl. 

5.6 Stat-Ease Whole Ore Outputs from DOE Testing 

Based on the determinations made via Stat-Ease, both pulp density and grind 

time had a more statistically significant impact than RPM on the response of the system, 
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although all three have some degree of impact. Details regarding the raw statistical 

output are included in Appendix L. The derived response equations are shown below in 

Equations 5.1 through 5.3. The degree of fit for these equations is moderately good, 

however there is a pronounced disagreement between the adjusted and predicted R 

squared values in all cases. 

 𝑅𝑅𝑅𝑅𝑅𝑅 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑟𝑟𝑅𝑅 (%) =  64.76903 − 0.022979𝑅𝑅𝑅𝑅𝑅𝑅 −0.50949 ∗ 𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃 𝐷𝐷𝑅𝑅𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑅𝑅 (𝑤𝑤𝐷𝐷%) + 1.00106 ∗ 10−3 ∗ 𝑅𝑅𝑅𝑅𝑅𝑅 ∗ 𝑤𝑤𝐷𝐷% 
(5.1) 

 

 𝑅𝑅𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑟𝑟𝑅𝑅 =  −0.33083 + 0.32222 ∗ 𝑔𝑔𝑟𝑟𝐷𝐷𝐷𝐷𝑑𝑑 𝐷𝐷𝐷𝐷𝑡𝑡𝑅𝑅 (𝑡𝑡𝐷𝐷𝐷𝐷𝐷𝐷)  

+0.11833 ∗ 𝑤𝑤𝐷𝐷% − 1.31111 ∗ 10−3 ∗ 𝑔𝑔𝑟𝑟𝐷𝐷𝐷𝐷𝑑𝑑 𝐷𝐷𝐷𝐷𝑡𝑡𝑅𝑅 ∗ 𝑤𝑤𝐷𝐷% 

(5.2) 

 

 𝑅𝑅𝑅𝑅𝑅𝑅 𝐺𝐺𝑟𝑟𝐶𝐶𝑑𝑑𝑅𝑅 (% 𝑅𝑅𝑅𝑅𝑅𝑅) =  0.39844 + 1.54255 ∗ 10−3 ∗ 𝑅𝑅𝑅𝑅𝑅𝑅 

+0.11033 ∗ 𝑔𝑔𝑟𝑟𝐷𝐷𝐷𝐷𝑑𝑑 𝐷𝐷𝐷𝐷𝑡𝑡𝑅𝑅 + 0.50667 ∗ 𝑤𝑤𝐷𝐷% −5.02222 ∗ 10−3 ∗ 𝑔𝑔𝑟𝑟𝐷𝐷𝐷𝐷𝑑𝑑 𝐷𝐷𝐷𝐷𝑡𝑡𝑅𝑅 ∗ 𝑤𝑤𝐷𝐷% 

(5.3) 

 

Contrary to many literature recommendations, in this case low pulp density was 

overtly detrimental to the response, especially when prioritizing recovery over selectivity 

against Ca. Under such conditions, predicted responses and desirability diagrams, such 

as shown below in Figure 5-7, were created to predict the most optimal parameters. 

In such a prioritized case, the optimal conditions were considered to be 

approximately 16.98 wt% pulp density, 930 RPM, and a 120 minute grind. The latter 

parameter favoring a fine grind size is partially in conflict with expectations from 

literature, in which theoretically finer grind sizes would be expected to result in lower 

recoveries, albeit sometimes accompanied by an enhanced selectivity depending on the 

degree of liberation and deportment of species present in the given system. 
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Figure 5-7: Predicted UF REO recovery diagram for Whole Ore. 

 

When attempting to compare the predictive model produced by Stat-Ease 

against a non DOE matrix test, specifically UF T4 Pass 1, the predicted output was 

comparable to the experimentally observed results, particularly for REO recovery. 

However, an analysis against later passes and other testing suggests the predictive 

equations are likely only numerically valid for the given feed composition as well as only 

describing the first pass. This is to be expected as later passes have lower feed grades, 

thus the REO grade in the concentrate and tailings in pass 2 or beyond should 

inherently be expected to differ from that of the first pass. 

The predicted concentrate REO grade deviated from experimental results more 

strongly than REO recovery, however this is inherently prone to greater sensitivity to 

simultaneous variations in both bastnaesite and barite content in each individual trial’s 

feed, given both exhibit similar recovery. Phrased differently, in most cases the UF 

Falcon was largely unable to differentiate between the two heavy mineral species, thus 

a slightly elevated barite feed content, when coupled with a slightly lower bastnaesite 
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content, would be expected to produce a lower REO grade gravity concentrate simply 

due to dilution via barite. Additionally, as the gravity concentrate REO grade is itself 

sensitive to the given pass’s REO feed grade, equations predicting the first pass gravity 

concentrate REO grade (as specific values) are inherently and experimentally proven to 

be unsuitable for accurately predicting the response of a subsequent pass. 

While “optimal” parameters were derived with respect to applying a strong weight 

to maximizing REO recovery, with secondary objectives of minimizing Ca, these 

parameters were ultimately not validated. This was due to a decision at the time that in 

light of the results of both Everly and Williams that whole ore gravity separation was not 

likely to remain the optimal flowsheet in light of improvements to whole ore flotation via 

modified collector regimes. 

5.7 Whole Ore DOE Concentrate PSA Results 

The results of PSA testing via wet sieving at 400 mesh on a limited selection of 

whole ore UF DOE gravity concentrate samples yielded inconclusive findings. Results 

of this testing are shown below in Table 5-6. 

Table 5-6: Whole Ore DOE gravity concentrates 400 mesh wet sieve results. 

Gravity Sample Grind 

time 

Mass 

Distribution, % 

minutes +400 

mesh 

-400 

mesh 

DOE 1 Concentrate 75 36.7 63.3 

DOE 9 Concentrate 90 19.7 80.3 

DOE 10 Concentrate 90 10.6 89.4 

DOE 2 Concentrate 120 23.5 76.5 

 

The gravity concentrates from both DOE 9 and 10 (both representing the middle 

grind time of 90 minutes), exhibited a larger proportion of minus 400 mesh material than 

either the DOE 1 (coarse, 75 minutes) or DOE 2 (fine, 120 minutes) gravity 

concentrates. 
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Given the unexpected gravity concentrate particle size distributions compared to 

their respective grind calibration results, as well as no readily identifiable reason for 

such variable results, the overall level of confidence in these particle size distributions is 

poor. As by such point in the overall study detailed in this report it had been determined 

that gravity concentration may conceivably be better off placed downstream of rougher 

flotation in light of parallel work by others, the functional utility of refining or further 

examining such discrepancy of particle size results was less than that of performing 

further gravity testing in general. Thus, these results are reported here for purpose of 

scientific disclosure for the benefit of any future studies or readers, but ultimately had 

less bearing on the conclusions of this study than were anticipated at the onset of such 

analysis. 

Mineralogy testing on the first scoping test’s UF pass 1+2 gravity concentrate, 

(also ran at 90 minutes grind), was reported to have a P80 of approximately 36 microns. 

Given the inclusion of Pass 2 material, this should not be considered directly analogous 

to the pass 1 results for DOE 9 and 10. However, the confidence of this data is 

comparatively higher than for the aforementioned wet sieving exercise. The distribution 

is shown below in Figure 5-8. 

MLA analysis on UF materials generated in Williams’ study indicated it is 

possible for a Pass 1 concentrate to be finer than its Pass 2 and Pass 3 counterparts. 

However, as sanding occurred during that pass, such that a visible amount of solids 

was still left in the feed tank, this too is potentially biased. Thus, while the results 

obtained for whole ore UF Falcon concentrate PSA analysis seem suspect, additional 

contexts suggests it was possibly an accurate finding. 
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Figure 5-8: Particle size distribution of UF Scoping Test 1 Pass 1+2 Conc from MLA 
sample. 

 

5.8 Shaking Table Whole Ore Scoping Test: 

Due to reasons highlighted in Section 4.9, it was not possible to assign a 

recovery response to any products generated during this scoping test. However, two 

separate table concentrate samples were isolated while parameters were being 

manipulated, the grades of which indicatively suggested the shaking table was 

potentially capable of comparable or greater selectivity to the UF Falcon. The first of 

these concentrates resembles the grades often encountered in pass 1 of UF Falcon 

tests on whole ore, while the second of these results exhibited simultaneously one of 

the lowest Ca (approximately 2.2%) and the highest REO grades (~22% REO) of any 

form of gravity concentrate performed on whole ore. No metallurgically representative 
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corresponding sample of middlings or tailings was separately available for analysis due 

to both unquantified but materially significant spill of middling material and later 

commingling of the remaining captured middlings and tailings materials. 

Based strictly on visual observations of material on the table deck and the 

average whole ore feed grades, the very high grade table concentrate 

impressionistically is believed to be relatively low compared to those REO recoveries 

obtained via UF Falcon. Similarly based on impressionistic observation, the table 

concentrate with comparable grades to Pass 1 UF Falcon concentrate would have also 

needed to represent a higher than visually plausible mass pull to match, let alone 

exceed, the grade recovery curve set by the UF Falcon. Subsequent shaking table 

testing on whole ore further supports this theory that the recovery would likely have 

been low. 

5.9 MP Concentrate UF DOE Testing 

The abbreviated results of the MPC UF DOE testing matrix (DOE 1 through 6), 

as well as the following validation testing (MPC DOE 7), are shown below in Table 5-7, 

with detailed results given in Appendix G. 

Table 5-7: MPC UF DOE 1 through 7 results, Pass 1 Only. 

Test 

(MPC) 

Conditions Grav Conc Mass Grade, % Recovery, % 

RPM Pulp, 

wt% 

Grams Rec, % Ca REO Ca REO 

DOE 1 930 20 680.4 41.13 3.63 55.26 28.90 44.51 

DOE 2 930 10 603.4 37.39 4.37 53.85 28.93 39.83 

DOE 3 1320 20 633.4 38.61 3.83 53.79 24.65 41.61 

DOE 4 1320 10 546.1 36.61 3.66 55.49 24.85 39.82 

DOE 5 1141 15 612.7 39.28 3.74 54.78 26.74 42.12 

DOE 6 1141 15 630.7 40.72 3.62 55.37 27.43 44.09 

DOE 7 1320 15.1 608.6 42.00 3.79 54.98 28.63 45.46 
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Similar to the results of whole ore testing, the MPC material also exhibited a 

relatively high sensitivity to pulp density by weight than it did to RPM. However unlike 

the whole ore testing, the optimal pulp density as determined by stat-ease was 

suggested to be higher at ~15.1 wt% compared to the ~17 wt% for whole ore. 

Additionally, the optimal RPM shifted up to 1320 RPM compared to that of whole ore. 

The mass pull often increased even in spite of the higher feed mass, although this may 

have been partially attributed to a higher feed solids SG enabling a higher mass per set 

bowl volume. The REO recovery was decreased relative to the original matrix. This 

decrease in REO recovery per mass pull recovery is attributed largely to the high grade 

nature of the float concentrate material compared to whole ore, even when barite is 

treated as gravitationally functionally the equivalent of bastnaesite. Details regarding the 

raw statistics output are included in Appendix M. The derived equations for performance 

are shown below and on the following page in Equations 5.4 through 5.7. Of the 

equations, those pertaining to REO’s response for both recovery and grade exhibit a 

poor statistical fit. The lack of fit for REO recovery is perhaps partially explained by the 

impact of “maxing out” the bowl versus the variation in feed mass between trials. The 

poor fit for REO grade is possibly attributed to the tight range of resulting values. The 

Ca recovery equation exhibits a significant statistical confidence. However, as this was 

based on total Ca recovery rather than Ca in gangue, the equation is ironically 

inherently unsuitable for predicting later stage performance. Under ideal conditions, in 

later cleaning stages, the equation for Ca recovery should converge on the value for 

REO recovery as the percentage of Ca in REE minerals increases. The equation for Ca 

grade also exhibited a high degree of statistical strength, although slightly less than that 

of Ca recovery. 

 𝑅𝑅𝑅𝑅𝑅𝑅 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑟𝑟𝑅𝑅 = 41.61837 + 0.32350 ∗ 𝑤𝑤𝐷𝐷% − 3.73077 ∗ 10−3 ∗ 𝑅𝑅𝑅𝑅𝑅𝑅 (5.4) 

 

 𝑅𝑅𝑅𝑅𝑅𝑅 𝐺𝐺𝑟𝑟𝐶𝐶𝑑𝑑𝑅𝑅 = 41.34639 + 0.88257 ∗ 𝑤𝑤𝐷𝐷% 

+0.012193 ∗ 𝑅𝑅𝑅𝑅𝑅𝑅 − 7.98044 ∗ 10−3 ∗ 𝑤𝑤𝐷𝐷% ∗ 𝑅𝑅𝑅𝑅𝑅𝑅 
(5.5) 

 

 𝐶𝐶𝐶𝐶 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑟𝑟𝑅𝑅 = 38.97317 − 0.010679 ∗ 𝑅𝑅𝑅𝑅𝑅𝑅 (5.6) 
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 𝐶𝐶𝐶𝐶 𝐺𝐺𝑟𝑟𝐶𝐶𝑑𝑑𝑅𝑅 = 8.83654 − 0.28887 ∗ 𝑤𝑤𝐷𝐷% − 4.11487 ∗ 10−3 ∗ 𝑅𝑅𝑅𝑅𝑅𝑅 

+2.31154 ∗ 10−4 ∗ 𝑤𝑤𝐷𝐷% ∗ 𝑅𝑅𝑅𝑅𝑅𝑅 
(5.7) 

 

Predictive response surfaces and desirability diagrams were generated from this 

testwork, such as is shown below in Figure 5-9. 

 

Figure 5-9: Predicted Ca recovery as a function of pulp density and RPM. 

 

MPC UF DOE 7 was performed as a follow up test to the original DOE matrix 

evaluate if the recommended optimal conditions were actually optimal for Pass 1. The 

Pass 1 outcome of the test was most comparable to MPC UF DOE 5 and 6, confirming 

that RPM is a factor, although pulp density was still a more significant factor when 

compared against MPC UF DOE 3. MPC UF DOE 7 pass 1 exhibited the highest REO 
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recovery of the 7 tests at ~45.5%, and while this was accompanied by an elevated Ca 

recovery of ~28.6%, the REO/Ca recovery ratio of 1.59 is still amongst the better 

selectivity’s let alone at such a high REO recovery. 

The appearance of the gravity concentrates was similar to that of whole ore’s 

concentrates, particularly in regards to segregation of different colored species by radial 

and vertical position within the bowl. However, the overall proportion of these regions 

differs between MPC and whole ore derived UF Falcon bowl concentrates, as would be 

expected given the different feed compositions. 

5.10 MPC UF Gravity REO Recovery Maximization Testing 

In light of the Pass 1 mass pull being less than the REO content of the Pass 1 

feed, it was apparent even prior to assaying that further processing would be inherently 

needed to reach recoveries of 80% REO or more. Thus, additional experiments were 

performed to effectively induce a total of 4 passes. On an overall basis Figure 5-10 

through Figure 5-12 illustrate the extrapolated cumulative grade/recovery responses 

relative to MPC DOE 5, 6, and 7’s respective Pass 1 feeds up through 4 passes. 

 

Figure 5-10: MPC 5-7 Passes 1 to 4 REO grade / recovery curves. 
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Figure 5-11: MPC 5-7 Passes 1 to 4 Ca grade vs REO recovery curves. 

 

 

Figure 5-12: MPC 5-7 Passes 1 to 4 Ca recovery vs REO recovery curves. 

 

Details regarding the maximization testing’s additional experiments are given in 

the following subsections, as well as in Appendix G. 
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5.10.1 MPC UF REO Recovery Maximization, Pass 2 

Subsequent to assaying all streams from the DOE 1-6 tests, the tails from MPC 

UF DOE 6 Pass 1 were reprocessed at 15 wt% and 1141 RPM, corresponding to the 

same parameters as was used in Pass 1, in a scoping test intended to improve the 

overall REO recovery. These parameters were selected prior to obtaining the predicted 

statistical optimum conditions, thus the use of a near optimal pulp density was 

coincidental in the context of a scoping test rather than an intentional decision based on 

statistics. 

The results of this follow up test are shown below in Table 5-8, alongside the 

extrapolated combined Pass 1 and 2 results. It was necessary to extrapolate the overall 

performance, with respect to Pass 1, as minor transfer losses had visibly occurred 

between massing and fluxing of Pass 1’s gravity tailings when material was transferred 

to a bag. 

Table 5-8: Follow-up MPC DOE 6 Pass 2 testing. 

Test 

(MPC DOE 6) 

Conditions Gravity Conc. 

Mass 

Grade, % Recovery, % 

RPM Pulp, 

wt% 

Grams Rec, % Ca REO Ca REO 

Pass 2 Conc. 

(Pass 2 basis) 

1141 15 539.8 59.6 5.01 51.53 43.50 64.61 

Pass 2 Conc. 

(Pass 1 basis) 

1141 15 N/A 35.3 5.01 51.53 31.94 35.89 

Pass 1+2 Conc. 

(Pass 1 basis) 

N/A N/A N/A 76.1 4.26 53.58 58.52 80.34 

 

While up to this point the use of further passes often yielded comparable to 

impaired stage performance results compared to their respective Pass 1 results, the 

MPC UF DOE 6 Pass 2 stage recoveries for both mass pull and REO increased 

noticeably compared to Pass 1. The increase in stage mass pull is noteworthy in as 

much as the Pass 2 dry gravity concentrate mass was still on par with Pass 1’s gravity 
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concentrate mass, indicating that perhaps the bowl itself became “saturated” with 

respect to gravity concentrate physical capacity during Pass 1. 

Unlike in other whole ore UF scoping tests, it was determined that the relatively 

low mass of MPC UF DOE 6 Pass 2 tailings solids was insufficient to enable 

representative testing of a third pass. 

Subsequently, the statistical analysis of Pass 1’s results was obtained, thus in 

light of the coincidence that MPC UF DOE 6 Pass 2 was ran at a near optimal pulp 

density but suboptimal RPM, the tailings of MPC UF DOE 5 Pass 1 were processed at 

15.1 wt% solids and 1320 RPM to evaluate if the optimal values from Pass 1 would 

remain true in Pass 2. When coupled with DOE 7’s Pass 2 testing, all resulting tailings 

were comparable enough to justify mixing them for further testing. 

The use of higher RPM for pass 2 between tests MPC UF DOE 5 and 6 resulted 

in a modest improvement to gravity concentrate REO grade, REO recovery, and 

selectivity against Ca. However, this trend did not hold true for DOE 7. The stage and 

cumulative results of these tests are shown below and on the following page in Table 

5-9 and Table 5-10 respectively. 

Table 5-9: Pass 2 stage results of MPC DOE 5, 6, and 7. 

Test (MPC) DOE 5 DOE 6 DOE 7 

Conditions RPM 1320 1141 1320 

Pulp, 

wt% 

15.1 15 15.1 

Grade, % Ca 4.53 5.01 5.03 

REO 53.27 51.53 52.16 

Recovery, % wt % 59.0 59.2 62.4 

Ca 41.17 43.50 45.68 

REO 64.78 64.61 98.08 
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Table 5-10: Pass 1+2 cumulative results of MPC DOE 5, 6, and 7. 

Test (MPC) DOE 5 DOE 6 DOE 7 

Grade, % Ca 4.12 4.27 4.37 

REO 54.06 53.58 53.7 

Recovery, % wt % 75.1 76.05 78.2 

Ca 57.15 58.52 61.2 

REO 79.65 80.34 82.59 

 

When evaluated on a per pass stage basis, it is noteworthy that the Pass 2 

results are all higher than their Pass 1 results, suggesting Pass 1’s recovery results may 

have been artificially constrained due to running out of concentrate volume in the UF 

bowl. 

5.10.2 MPC UF REO Recovery Maximization, Passes 3 and 4. 

Given the similar upstream conditions, overall grade / recovery responses, and 

the specific Pass 2 tailings grades from the three tests, it was deemed acceptable to 

combine the Pass 2 tailings for use as feed for a single “Pass 3 through 4” test. The 

results of this test are shown below in Table 5-11. 

Table 5-11: Pass 3 and 4 results, Pass 3 feed basis. 

Product Mass 

Distribution 

Grade, % Recovery, % 

grams wt % Ca REO Ca REO 

Pass 3 

Concentrate 

492 47.0 7.23 46.88 34.33 53.79 

Pass 4 

Concentrate 

294 28.1 10.38 39.74 29.23 27.21 

Pass 4 

Tailings 

261 24.9 14.41 31.21 36.27 18.99 

Pass 3 Feed 

(Calc.) 

1047 100 9.91 40.97 100 100 
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Pass 3’s stage results are comparable to Pass 2’s for each of MPC DOE 5, 6, 

and 7 indicating that the conditions of 15.1 wt% and 1320 RPM can be expected to 

produce favorable outcomes on other flotation product compositions. Thus, while follow 

up testing would be needed to more explicitly quantify exactly if and how much the 

optimal conditions shift as composition shifts, the use of these parameter values 

represents a good starting point for any follow up testing. 

The Pass 3 concentrate grade is on par with the Pass 1 tailings / calculated Pass 

2 feed grades for MPC UF DOE 5, 6, and 7, suggesting it may be amenable to 

recirculation to upstream gravity processing under locked cycle conditions. 

Pass 4 was not ran at similar pulp densities to upstream Passes 1 through 3, and 

involved a feed on the order of only 554 grams. While the precise value for Pass 4’s 

feed pulp density is unknown, it was approximated to be on the order of 8-10 wt %. It is 

noteworthy that this resulted in an abrupt drop in REO/Ca recovery selectivity to 

approximately 1.32 instead of 1.5-1.6 as previous stages had exhibited. 

The Pass 4 concentrate grade is on par with both Pass 2 tailings / Pass 3’s feed, 

indicating that it is potentially amenable for recirculation to an upstream gravity 

separation unit operation. 

In regards to the Pass 4 tailings, it was determined that 293 g represented too 

little mass to justify performing any further passes. However, the composition of the 

Pass 4 tailings of 31.06% REO and 14.42% Ca suggests that further gravity (or even 

flotation) processing may still be viable were it not for the constraints of the laboratory 

UF device and available sample. This is relevant in regards to overall flowsheet 

considerations as well as assumptions regarding potential overall grade/recovery 

outcomes under locked cycle conditions as opposed to the open circuit conditions 

tested. A sample of the Pass 4 tailings was submitted for MLA, the results of which are 

detailed previously in this report. 

As can be seen in Figure 5-10 through Figure 5-12, cumulative REO recoveries 

of 90% or more are possible while still achieving a modest Ca rejection. It should be 
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noted that the Ca values represent total Ca, including Ca associated with REE minerals 

such as parasite, rather than just Ca in gangue. Were the data to be manipulated to 

estimate Ca gangue specifically, the rejection would be expected to increase relative to 

total Ca rejection. A preliminary estimate based on information from the original MPC 

MLA analysis suggests that the Ca gangue rejection could be approximated to be as 

high as the following values shown below in Table 5-12. 

Table 5-12: Estimated Ca gangue deportment Pass 1-4 DOE 7 basis. 

Gravity 

Conc. 

Grades, % Recoveries, % Rejection, % 

Ca, 

total 

Ca, 

gangue 

REO Ca, 

total 

Ca, 

gangue 

REO Ca, gangue, 

estimated 

Pass 1 3.79 2.26 54.98 28.59 22.85 45.36 77.15 

Pass 1-2 4.37 2.87 53.67 61.23 53.98 82.44 46.02 

Pass 1-3 4.70 3.22 52.89 74.54 68.61 91.89 31.39 

Pass 1-4 5.07 3.61 52.03 85.94 82.27 96.67 17.73 

 

For all but Pass 4, this implies the Ca gangue rejection could be as much as 6% 

higher than total Ca rejection. 

The results of the Pass 4 tailings mineralogy suggest that these gravity tailings 

were unintuitively coarser than the respective MPC feed MLA sample. In regards to Ca 

deportment, the mineralogy indicates that approximately 20% of the Ca in the Pass 4 

tailings was associated with REE minerals, however the plus 200 mesh and 200x400 

mesh size fractions exhibited lesser amounts of Ca deportment to REE minerals at 

7.9% and 10.8% respectively. This is in line with the observation that Ca bearing REE 

minerals such as parisite and synchysite exhibited finer grain sizes than bastnaesite in 

this sample. 

The tailings mineralogy results also demonstrated that a significant degree of 

locking was present for the remaining REE minerals with calcite and dolomite. The bulk 

of this locking is more pronounced in the plus 400 mesh fractions, thus the use of a 

regrind stage would likely have proven necessary at some point in a hypothetical 



93 

flowsheet in order to achieve further improvements to Ca rejection if further processing 

were undertaken. 

5.11 MPC UF Cleaner Gravity Separation – maximization of REO grade 

The combined pass 1, 2, and 3 concentrates from the prior REO recovery 

maximization testing were combined, split, and retreated at 15.1 wt% and 1320 RPM for 

two passes. These conditions were used in light of the seemingly successful outcomes 

from their use in prior testing. It was determined that the Pass 4 concentrate was not 

necessary for this feed stock in light of the overall mass from the other three 

concentrates and as Pass 4 had exhibited a comparative hit to performance. As the 

main purpose of this testwork was to evaluate the potential for further improvements to 

product grades, a slightly more forgiving feed stock was deemed acceptable at this 

stage of study. 

5.11.1 1st Cleaner UF Testing, Test 1 

The results of the first of the three 1st Cleaner UF tests are shown below in Table 

5-13. 

Table 5-13: 1st Cleaner UF Falcon Test 1, Pass 1 through 2. 

1st Cl Test 1 Mass 

Distribution 

Grade, % Recovery, % 

grams wt % Ca REO Ca REO 

Pass 1 Conc. 618 32.6 3.3 56.5 23 34.8 

Pass 1 Tails 1275 67.4 5.3 51.2 77 65.2 

Calculated P1 

Feed 

1893 
 

4.6 52.9 
  

Pass 2 Conc. 637 50.4 3.7 54.8 35 54.1 

Pass 2 Tails 628 49.6 7 47.2 65 45.9 

Calculated P2 

Feed 

1265 
 

5.3 51 
  

Pass 1+2 Conc., (calc.) 66.6 3.5 55.6 49.9 70.1 
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On a stage basis, 1st Cl Pass 1 yielded a similar REO/Ca recovery selectivity of 

1.51 to the individual Passes 1 through 3 from the REO recovery maximization testing. 

However, the Pass 1 REO recovery was notably lower at approximately 34.83%. This 

drop in recovery is potentially attributed to running out of volume in the UF bowl, as the 

mass recovered was 617 g, which is on par with Pass 1 results from the MPC UF DOE 

testing despite an additional ~400 grams of feed. 

The 1st Cl Pass 1 concentrate grade of 56.50% REO represented at the time the 

highest  REO grade of any gravity sample evaluated. Additionally, this is coupled with 

one of the lowest observed Ca grades of only 3.28% Ca, resulting in the highest 

REO/Ca grade ratio of any product evaluated thus far. 

The tailings from the 1st Cl Pass 1 are on par with the original MPC UF DOE feed 

material, suggesting that under locked cycle conditions they could be amenable to 

recirculation if further dedicated processing was for whatever reason determined to be 

undesirable. 

On a stage basis, 1st Cl Pass 2 yielded a significant improvement to REO 

recovery (54.09% vs 34.83%) while preserving an REO/Ca recovery selectivity of 1.55. 

Also of note is that the concentrate masses in both cases are comparable, with Pass 2 

producing 637 g of concentrate from a feed of only 1264 g, which further supports the 

theory that the bowl had ran out of room for any more recovery in the prior test. 

The concentrate grade from 1st Cl Pass 2 is on par with values from MPC UF 

DOE Pass 1 for tests 5, 6, and 7 despite a much higher per pass recovery. This is 

noteworthy with respect to again the UF bowl limitations as well as potential for 

preservation of REO/Ca selectivity under hypothetical recirculation conditions. 

The tailings from 1st Cl Pass 2 are similar in composition to MPC UF DOE Pass 

1, which further supports the theory that performance can potentially be preserved 

during recirculation conditions. 

The 1st Cl Pass 1-2 concentrates yielded a combined 70.12% REO recovery and 

49.95% Ca recovery, for a combined grade of 55.64% REO and 3.49% Ca. Relative to 

the contribution from MPC UF DOE 7 feed material, the represents an overall recovery 
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of 64.44% REO and 37.26% Ca, for an REO/Ca recovery selectivity ratio of 1.73. When 

compared to MPC UF DOE 7 Pass 1, which exhibited the most similar concentrate 

grades, the impact of adding a cleaner gravity stage is distinctly beneficial. 

As a result, when combined with the findings of Gerwal, [33] it was considered 

acceptable to separately evaluate the upper bounds for recovery from the upper bounds 

for grade, as recirculation conditions could be expected to improve one, or even both, 

values. Thus, while a cumulative open circuit recovery can be calculated, the meaning 

of this value is potentially less suitable for evaluating the overall amenability of such a 

flowsheet. 

5.11.2 Subsequent 1st Cleaner Gravity Testing Results 

The results of 1st Cl UF Falcon tests 2 and 3 are shown below in Table 5-14 

alongside Test 1’s Pass 1 and cumulative Pass 1 to 2 results for ease of comparison. 

Table 5-14: 1st Cleaner UF Falcon side by side results. 

1st Cl UF T1, P1 T1, P1&2 T2, P1 T3, P1 

Feed mass, g 1892 1892 948 984 

RPM 1320 1320 1320 1836 

Pulp, wt% 15.1 15.1 15.1 15.1 

Conc. mass, g 618 1259 609 560 

Mass Pull, wt% 32.6 66.6 64.4 56.9 

Ca grade, % 3.3 3.5 3.4 3.5 

REO grade, % 56.5 55.6 56.3 56.3 

Ca rec, % 23 49.9 47.0 43.2 

REO rec, % 34.8 70.1 68.2 60.1 

 

Test 2 indicated that, despite the use of half the feed mass as Test 1, the 

resulting Pass 1 concentrate mass still held nearly constant at approximately 600 

grams. This suggests that for the various MPC UF Falcon tests, that the Pass 1 

recoveries were being artificially limited due to hitting the lab scale bowl’s concentrate 

volume capacity rather than due to inherent metallurgical capability. 
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With context of the broader DOE findings for both whole ore and MPC, this 

observation about a maxed out bowl has differing implications. For whole ore, it is 

unlikely the bowl was ever maxed out based on visual observations and measured 

masses. Thus, the DOE analysis was not likely artificially constrained in this regard. 

For MPC material, this adds a significant complication to the statistical 

interpretation of the DOE testing. In particular, most of the MPC DOE tests approached 

the “maxed out” concentrate mass. Given the slight variation and particular range in 

individual tests feed masses, it is possible many of the recoveries were artificially 

constrained, thus potentially overshadowing the impact of the parameters of pulp 

density and RPM. However, there are two particularly interesting data points if such an 

assumption is to be made. MPC DOE 4 (10 wt%, high RPM) did not manage to max out 

the bowl with a concentrate mass of only 546 g, by far the lowest of all recovered 

masses. This is not easily attributed simply to its relatively low feed mass of 1491 g, as 

test MPC DOE 7’s use of a lesser 1449 g feed still yielded 608 g of concentrate. Thus, 

the results of MPC DOE 4 indicatively give further support to the notion that 10 wt% 

pulp is strongly detrimental to performance as it would otherwise have been expected to 

be maxed out for such a feed mass. 

In a similar fashion, the results of MPC DOE 7 Pass 1 become are potentially 

biased to enhance REO recovery given its slightly lower feed mass than tests MPC 

DOE 5 and 6. The conditions of MPC DOE 7 were not selected with the goal of 

maximizing REO recovery, but instead to minimize the recovery of Ca. However, this 

test managed to achieve the highest of all REO recoveries at a value of 45.5% REO. Its 

worth noting however that the corresponding REO/Ca selectivity was still amongst some 

of the better performing of the tests in spite of the higher REO recovery. This indicates 

that while the “optimal” parameters still worked well by most metrics, it may be improper 

to attribute the increase in REO recovery strictly to the use of such parameters. 

Thus, it is not quite clear if the equations derived from the MPC DOE testing are 

a proper indicator for the extent of the anticipated impacts of pulp density and RPM 

should such a maxing out bias have existed. This hypothesis cannot be confirmed 

unless duplicate DOE testing is performed using feed masses of closer to 1kg to see if 
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the outcome is still comparable. In light of the observation however that the “optimal” 

parameters still seemed to work well, it was decided that there would be more value to 

continuing to test grade maximization rather than redo the entire prior DOE matrix with 

lower feed masses. 

Additionally, when Test 2’s pass 1 concentrate is compared against Test 1’s 

Pass 1&2 combined concentrate, the resulting grades and recoveries are similar to 

each other. This suggests that, coupled with the traditional procedure recommended by 

Sepro, that results are likely comparable for a given cumulative, and likely relatively 

high, mass pull even if the number of laboratory passes needed to hit that mass pull 

were variable between tests. Thus, to an extent is likely fair to decouple the number of 

industrial stages required in series from the number required in the lab. This again 

echoes the notions proposed by Sepro regarding proper application and interpretation 

of lab scale findings to industrial scale criteria. [32] [33] 

By extension, this would also suggest the cumulative three and four pass results 

obtained on whole ore material are also still relevant to a 1 to 2 units in series flowsheet 

configuration at industrial scale. It is cautioned, however, that none of the whole ore 

samples have, impressionistically, appeared to have ever produced enough concentrate 

volume to exceed the bowl’s capacity. This impression is augmented by the lower solids 

masses recorded on whole ore Pass 1 concentrates, however, that mass limit itself 

could also be a function of variable solids SG between those typically encountered 

between MPC and whole ore samples. Thus, the Pass 1 recovery limitations on whole 

ore may have been more a function of inherent metallurgical lab performance rather 

than artificially constrained by bowl volume than was the case with MPC material. 

The 1st Cleaner Test 3 results run contrary to the generalized predictions of Stat-

Ease and a number of implications from literature, in as much as the even higher RPM 

resulted in lower gravity concentrate mass pull and REO recovery, coupled with a 

slightly higher Ca grade. This performance deviation is further highlighted by the 

observation that, at only 560 grams of solids, the Test 3’s Pass 1 concentrate was still 

less than the bowl’s capacity limit of approximately 600 grams as exhibited in both Test 



98 

1 and 2’s results, thus the lower mass pull than Test 2 was not likely a function of 

artificial limitation. 

As the combined Test 2 and 3 concentrate grades were believed to be on par, for 

a scoping level, with that of Test 1’s combined Pass 1 and 2 concentrate as had already 

been used for test 1 of 2nd Cleaner UF Falcon testing, it was deemed acceptable to 

combine them for use as feed for Test 2 of 2nd Cleaner UF Falcon testing. 

5.11.3 2nd Cleaner Gravity Testing 

In an effort to evaluate just how far could Ca could be rejected while upgrading 

REO grade, further stages of UF cleaner testing was performed with little regard to 

preserving overall recovery. Two separate tests were performed for a 2nd Cleaner UF 

circuit, using various feeds produced from concentrates obtained in the 1st Cleaner UF 

testing. 

The first of these two tests was intended to be ran at 15.1 wt% solids, however it 

was later discovered the presumed initial solids mass was measured improperly, thus 

the pulp density reported in the table reflects the actual value tested. This did not 

appear to have enough of an impact to justify repulping the resulting concentrate and 

tailings materials for retesting. The inclusion of the sub-optimal 1st Cleaner UF Test 2 

Pass 1 concentrate was deemed acceptable for this scoping level of testing considering 

the anticipated grade impact when mixed with the better 1st Cleaner UF Test 3 Pass 1 

concentrate would be on par with the grade that had already been used as feed in 2nd 

Cleaner UF Test 1. 

Each of these tests consisted of a single pass given the limited mass available, 

the results of which are shown side by side below in Table 5-15. 
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Table 5-15: 2nd Cleaner UF Falcon Tests 1 and 2 conditions and results. 

2nd Cl Test Test 1 Test 2 

Feed origin 1st Cl T1 P1+P2 conc 1st Cl T2 & T3 Conc 

Feed mass, g 1234 1154 

RPM 1320 1320 

Pulp, wt% ~17 15.1 

Conc mass, g 677 620 

Mass pull, wt% 54.9 53.7 

Ca grade, % 2.61 2.62 

REO grade, % 58.1 58.2 

Ca rec, % 40.6 40.7 

REO rec, % 57.2 55.8 

 

These results confirmed that further rejection of calcite was still possible at this 

point based on the reduced Ca grade in the concentrate. 

5.11.4 3rd Cleaner Gravity Testing 

As sufficient material was available from the concentrates generated in the 2nd 

Cleaner UF testing, a single 3rd Cleaner UF test consisting of only one pass was 

performed strictly to see if any further upgrading of REO or rejection of Ca was possible, 

with even less regard to overall recovery from the original MPC sample. The test was 

performed at the optimal MPC UF conditions of 15.1 wt % and 1320 RPM, however 

suffered from a number of procedural challenges. 

The test was originally believed to be a failure when it was performed due to 

significant sanding issues in both the feed tank and on top of the Falcon itself. The latter 

resulted in the need to temporarily abort the test, by turning off the Falcon, to obtain 

more spray bottles as too much solids were remaining on top of the Falcon after the 

feed tank had fully discharged. It must be emphasized that when the Falcon was shut 

off, no feed was being introduced into the bowl at that point nor in the interim until the 

bowl was brought back up to speed. The remaining solids on top of the Falcon were 

then introduced into the bowl by slurrying them with water from a spray bottle. As the 
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test was at that point anticipated to be a failure, and in light of the high level of effort 

associated with making any more valid feed for a 3rd cleaner UF test, all residue 

remaining in the feed tank was combined with the gravity tailings to preserve as much 

material as possible for later recombination and retesting. However, as all solids would 

still need to be reclaimed and dried prior to any retesting, it was deemed worthwhile to 

obtain assays on the resulting concentrate and tailings fractions in the event the test 

was not a complete failure performance wise. As shown below in Table 5-16, the test 

still yielded an improvement in Ca grade reduction. 

Table 5-16: 3rd Cleaner UF Falcon Pass 1 results. 

Product Mass Distribution Grade, % Recovery, % 

grams wt % Ca REO Ca REO 

P1 Conc 647 50.4 2.03 59.28 40.41 51.54 

P1 Tails 636 49.6 3.05 56.70 59.59 48.46 

Calc Feed 1283 
 

2.54 58.00 
  

 

The calculated feed grade for Ca is slightly lower than anticipated based on the 

assays taken on the 2nd Cleaner concentrates, and while the tailings assay should be 

biased a bit lower with respect to Ca as a result of the inclusion of feed tank residue, (a 

step not present in any other UF tests), the discrepancy is otherwise not readily 

explained. Historically up to that point in time, no material had ever been introduced into 

the feed tank with less than 3% Ca, let alone less than 2.6% Ca, so in addition to 

washing the feed tank prior to the test, the dilution of Ca was not likely caused by cross 

contamination of materials. 

It is also noteworthy that the REO grade barely changed, upgrading from 58% to 

only 59% REO. 

As a result of the aforementioned issues, while it is clear that the use of a 3rd 

cleaner UF stage was still able to yield some improvement, particularly to the gravity 

concentrate Ca grade, its overall accuracy for REO and Ca recoveries are subject to a 

greater degree of uncertainty than in other MPC UF Falcon tests. However, as there is 
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no guarantee that a successful test would occur had the material been repulped, it was 

deemed acceptable to forego retesting the material in light of these particular results. 

For illustration sake, the approximated values for cumulative open circuit grade 

recovery response have been overlaid against the flowsheet of this test program below 

in Figure 5-13. These values are tied to MPC UF DOE 7’s feed as this is the closest to 

optimal conditions throughout the entire progression. In light of transfer losses between 

various stages and passes, it is not possible to assign a specific grade/recovery 

response in a quantitative fashion. 

 

Figure 5-13: Estimated cumulative REO grade/recovery response by flowsheet stage. 

 

The mineralogy of the 3rd Cl Conc suggests that the recovery of individual REE 

minerals is non-uniform. Bastnaesite and monazite appear to exhibit a slight enrichment 

within the REE mineral suite, while parisite and synchysite were notably depleted 

compared to the MPC MLA sample. This is further supported by the observation that in 

the Pass 4 tailings mineralogy, bastnaesite is proportionally depleted, monazite remains 

similar, while parisite and synchysite exhibit enrichment. Additionally, the overall particle 

size distribution of the 3rd Cl Conc is finer than the original MPC feed. 
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5.12 Williams’ UF Falcon Testing 

As part of a related parallel study by Nathaniel Williams, the operating 

parameters derived in this study as optimal from Stat-Ease for the MPC material were 

used in a single 3 pass test on a 1,462 gram sample of rougher flotation concentrate 

resulting from Williams’ enhanced collector work. For sake of giving credit where it is 

due, the following results of this test represent the work of Williams, but has direct 

relevance to contextualizing the performance of MPC material and the broader use of a 

UF Falcon. This UF Falcon test was observed in its entirety by the author of this study in 

an advisory capacity. [44] 

Broadly speaking, this 3 pass test by many measures outperformed the 4 pass 

testing of MPC material. Given the lack of ability to perform a full DOE test on rougher 

float concentrate to confirm what its specific optimal parameters should be, as they may 

be slightly different from those of MPC, the use of the optimal parameters derived from 

the MPC UF testing were at the least a very effective starting point. 

The cumulative and extrapolated per pass results are shown below in Figure 

5-14, with a greater level of detail included in Appendix J. 

It should be noted that the values for Ba, Ca, and Si grades were originally 

reported as BaO, CaO, and SiO2 respectively by Williams, and have been converted to 

the values shown in the above figure and appendix tables for ease of comparison with 

data presented elsewhere in this thesis. 

When compared against MPC UF Pass 1 through 4 testing, the efficacy of the 

UF Falcon in later passes was improved on rougher float concentrate compared to MPC 

material. 

However, there are a number of factors that potentially contribute to this 

difference, and potentially obscure the degree to which the two tests can be properly 

compared. One key difference between the feeds is that the MPC material was 

relatively devoid of barite, while the rougher float concentrate contained a more 

appreciable quantity. As other authors have observed that performance appears to be 

partially a proportional function of feed grade, the presence of a higher degree of non 
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value heavy mineral content could be obscuring efforts to make comparisons strictly on 

a REO feed grade basis. 

 

Figure 5-14: Cumulative and pass specific REO/Ca responses for UF Falcon testing on 
Williams’ enhanced rougher flotation concentrate. [44] 

 

Differences in performance may also be attributable to differences in not only 

particle size, but also differences in the breadth of sizes, liberation, and size deportment 

of species. However, it appears based on a manipulation of the relevant MLA data that 

both the MPC sample and the LF 2.2 float concentrate exhibited similar overall particle 

size distributions, with P80’s of approximately 400 mesh. 

Derived trends for individual mineral recoveries are also in line with the 

observations seen in the comparatively more limited MLA data available from the MPC 

testwork. Bastnaesite and monazite exhibited high cumulative gravity recoveries of 

approximately 94.7% and 84.5% respectively, while parisite and synchesite exhibited 

lower recoveries of 75.9% and 69.7% respectively. Interestingly, barite’s recovery nearly 

matches parisite’s throughout the gravity circuit. Cumulative estimated recovery of 

calcite and dolomite was similar to that of total calcium, with estimated values of 62% 
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and 63% respectively. This is comparable to the estimated Ca gangue response for the 

MPC recovery maximization testing shown earlier in Table 5-12. 

Related to the above, a key factor that makes direct comparison of REO/Ca 

selectivity performance challenging is that the degree of Ca present in the form of Ca 

bearing REE minerals, as opposed to Ca in the form of calcite/dolomite, can vary 

considerably by sample type. As on the order of 30% of the total Ca in the MPC is in the 

form of REE mineral species such as parasite, this is not an insignificant impact when 

comparing two different feed’s resulting REO/Ca, or more precisely REO/Calcite, 

selectivity performances. For example, whole ore, where on the order of 2% of the total 

Ca is present as a REE mineral, would be expected to exhibit a much higher REO/total 

Ca selectivity ratio than MPC under UF conditions, even if both tests had identical 

REO/calcite selectivity. While mathematical corrections could be made to attempt to 

normalize this impact of Ca bearing REE minerals when comparing different feeds, it 

requires a greater degree of information than is presently available regarding the 

rougher float concentrate’s Ca deportment by species. 

No additional stages of UF Falcon treatment were performed on any combination 

of products resulting from this test. The results obtained on both this and MPC material 

would however suggests that the resulting gravity concentrate could have likely been 

amenable to further cleaner gravity treatment. Additionally, it is possible, but presently 

unverified, that the gravity tailings from this test could still be amenable to further gravity 

processing. Verification of this theory was only prevented by the insufficient mass of 

gravity tailings compared to that needed for meaningful testing. Furthermore, it would be 

premature to have attempted to perform a locked cycle test to confirm a proper 

grade/recovery response until further open circuit testing is completed. Both of these 

cases require multiples to magnitudes more of the amount of rougher flotation 

concentrate than was available for testing. As it required ~10 kg of whole ore simply to 

create the ~1.4kg sample of rougher flotation concentrate, it is safe to say that more in 

depth gravity testing would require an impractically large amount of ore relative to the 

scope of Williams’ work’s objectives. 
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5.13 Wilfley Shaking Table Follow Up Testing 

Follow up testing (Table Test 4 – whole ore) utilizing a different unit but same 

model of Wilfley table as the scoping test indicated the prior whole ore gravity 

concentrate grab sample grade was potentially representative of the new lab unit’s 

response. 

Grab samples were taken during Table Test 2 on MPC material, in an effort to 

better identify the various minerals, and thus visually target, improvements to 

performance. Grab samples were taken from the following regions denoted by the 

screws per Figure 5-14 below, with the accompanying compositions shown on the 

following page in Table 5-17. 

 

Figure 5-15: Point sampling locations from static MPC table test 2 deck residue. 
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Table 5-17: Composition of point samples. 

Sample Ba, % Ca, % Si, % REO, % 

Tan Type 1 1.75 2.50 0.45 57.61 

Tan Type 2 1.28 1.77 0.29 60.35 

"Red Band" 1.27 1.64 0.30 60.83 

Brown Type 1 2.07 11.93 2.97 33.62 

Brown Type 2 1.81 16.84 3.68 23.79 

 

Both tan regions were depleted in Ca, and enriched in REO, suggesting this 

likely represents a REE bearing mineral. This is consistent with expectations from 

literature regarding deportment of minerals within an UF Falcon bowl concentrate, as 

higher SG minerals are expected to be more internal rather than radial, which is 

consistent with the tan layer observed in UF testing. These results are also similar to 

those of Schriner’s point sampling exercise. 

The “red band” was visually hard to distinguish when sampling occurred, 

however the composition suggests that this is either another REE mineral, or the 

intended band itself was missed during sampling and thus another REE mineral was 

sampled. By comparison, in UF testing of whole ore material, a pinkish brown/tan band 

is often found bordering the tan band, thus such a color isn’t entirely unexpected that 

one could be found on the table deck surface. As the MPC is relatively devoid of barite 

compared to whole ore per mineralogy and experimental assays, the capacity to isolate 

a specific barite band would be challenging. 

Both distinctly brown regions were distinctly elevated in Ca content, suggesting 

these are likely richer in calcite and or dolomite, which is also somewhat consistent with 

the findings of Schriner’s work. However, they were not devoid of REE content, so 

simply targeting a dark brown tailing may not be enough to preserve REO recovery to 

the remaining fractions. 

The combined implication of this data is that, for MPC material, an ideal shaking 

table configuration would product a brown to dark brown tailings band, a brownish tan 
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and or reddish middlings band, and ultimately a tan concentrate with a possible red and 

or pink fraction. This is also overall consistent with the observation that the Mountain 

Pass concentrate and tailings samples are light tan and darker brown respective to 

each other. 

Recovery of REO to the concentrate was depressed in all tests for which it could 

be calculated, however the corresponding gravity concentrate grades, when sampled, 

were notably low in Ca content regardless of feed type. Abbreviated results of these 

shaking table tests, alongside the original scoping tests, are shown below in Table 5-18. 

Table 5-18: Selected shaking table results. 

Test Test 

0.1 

Test 

0.2 

Test 1 Test 2 Test 3 Test 4 

Feed Sample Used Ore Ore MPC MPC Ore Ore 

Table Product Conc Conc, 

grab 

Deck 

Residue 

Conc N/A Conc 

Grade Ba, % 20.05 24.93 2.74 2.05 N/A 25.89 

Ca, % 6.98 2.62 4.22 1.87 N/A 2.59 

REO, % 13.92 21.18 52.38 58.75 N/A 19.39 

Recovery Ba, % N/A N/A N/A 22.47 N/A 9.71 

Ca, % N/A N/A N/A 5.38 N/A 1.04 

REO, % N/A N/A N/A 19.31 N/A 12.65 

 

It should be noted that the recoveries for Tests 0 and 1 are unreliable due to 

occurrences of significant spills and material loss during the tests. Test 3 was performed 

to evaluate modifications to feed methodology, and thus no meaningful products were 

generated during the test given the frequent changes in conditions. Tests 2 and 4 

however suffered comparatively minimal sample losses, and the reported recoveries 

exclude the remaining deck residues present at the end of the tests and the estimated 

fraction lost to spills. These deck residues were separately measured and assayed 

however, and in the case of test 4 represent a comparatively small amount of the total 

material balance. 
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In the case of Test 2 however, had all of this estimated spill volume and 

estimated composition reported to the concentrate as that is where the spill appeared to 

occur, this would have elevated the REO and Ca recoveries to the order of 21.2% and 

7.1% respectively. It should be emphasized that these numbers are at best semi-

quantitative and at worst wildly disconnected from reality. 

While none of the Wilfley shaking table tests in this study have exhibited 

significant REO recoveries to their gravity concentrate, the extreme reduction in Ca 

content and upgrading of heavy mineral grades in a single stage represents an 

advantage over UF Falcons in this regard. It is particularly noteworthy that the Test 2 

measured results on MPC material rival the overall final grade / recovery behavior of the 

3rd Cl UF Falcon, yielding the lowest Ca content of any stream assayed over the course 

of the study. 

When comparing the gravity product grades of the Wilfley table, coupled with the 

pipet grab samples, against the UF Falcon for Mountain Pass concentrate, it is clear 

that a broader spectrum of results could conceivably be obtained on the Wilfley shaking 

table than were observed in this study, particularly in regards to middling and tailings 

grades. In light of the numerous issues encountered with the experimental unit, these 

high grade Wilfley gravity concentrates are promising enough that further study of a 

shaking table is still warranted, and that future studies could conceivably yield materially 

different results than depicted here. 

The Gakara material exhibited a similar issue during its historic testwork 

programs, wherein the first round of testing revealed an unfavorable response, while 

later testing and presumably the ongoing operation showed favorable outcomes when 

using a shaking table. It has been explicitly stated that no satisfactory explanation has 

been determined for why the two testing programs yielded such different results. It is 

also worth noting that the particle sizes tested in those studies were likely substantially 

coarser than those used in the above Wilfley table testing. This experience with the 

Gakara material supports the hypothesis that the results obtained thus far may still be 

capable of exhibiting improvement in future studies. [9] 
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Even in the event the existing Wilfley shaking table results were later found to be 

in line with future studies, the capacity to produce a significant upgrade to heavy mineral 

content, along with simultaneously low Ca values, could still enable the unit to have 

possible application as a high grade scavenger for use on either or both rougher 

flotation tailings or cleaner circuit tailings. 
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CHAPTER 6:  ECONOMIC ANALYSIS 

6.1 Cautionary Note 

The following economics have been prepared strictly in an academic rather than 

commercial context, are indicative in nature, and not intended for bona fide investment 

decision making purposes. Neither Molycorp Inc., its subsequent successors, nor its 

creditors have officially reviewed this data or its underlying assumptions as presented 

herein. 

6.2 Underlying Basis of Economic Model 

Given that metallurgical behavior is often site specific even for the same categories 

of ore bodies, the following economics have been prepared to reflect a retrofit of the 

existing Mountain Pass operation as this is where the samples in this study originated 

from. 

While Molycorp and its affiliates did not directly provide any specific operating data 

from prior to the bankruptcy, nor have they reviewed this study, a number of pieces of 

information were approximated from various publicly accessible sources for use as 

placeholder values. 

A key source of this information is a technical report published in 2010, which 

included a relatively detailed breakdown of projected operating costs and production 

under ideal conditions. This document provided the basis for the following categories of 

costs: [21] 

• Mining waste rock tonnages and associated other mining costs 

• Mill labor, supplies, and utility unit costs 

• Paste tailings disposal costs 

• Baseline costs for precipitation and purification of saleable REO products from 

leach solution, including an implicit but unspecified contribution of the costs from 

the chlor-alkali plant, combined heat and power (CHP) plant, and other ancillary 

operations under idealized conditions. 

• G&A Costs 
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Additional cost information was obtained from the prior works of Schriner, [39] 

Everly, [43] and Williams [44] respectively, particularly with regards to flotation reagent 

unit costs and consumptions under various conditions. The metallurgical behavior for 

rougher flotation used in the creation of the enhanced cashflow model is directly 

obtained from the work of Williams’. Similarly, Williams’ gravity testing results have been 

used as a starting point for anticipated gravity response in the enhanced case cashflow. 

This underlying test work did not evaluate any further gravity processing, nor 

recirculation of any resulting products in locked cycle conditions, thus a final gravity 

grade recovery response has been assumed rather than measured for purposes of this 

economic model. 

Although additional economic information can be derived from the 10-K [54] and 

10-Q statements, [25] including insight regarding underlying challenges faced by 

operation, in general this unfavorable data was largely not relied upon for creation of the 

cashflow used in this study. These negative factors include reduced mining, milling, and 

leaching throughputs, the late commissioning of the chlor-alkali plant, challenges 

regarding brine purification, and the resulting additional impact of millions of dollars per 

quarter in waste water disposal costs. 

It is believed that some or all of these factors can be mitigated via changes 

largely outside the scope of this study, particularly regarding brine purification, although 

it is worth noting that a number of these challenges are partially exasperated by the 

presence of calcite in the leach circuit. This assertion that solutions are possible is 

partially supported by the observation that, despite the unfavorable REE market 

conditions at the time, the Q2 2015 period exhibited a notably higher leaching 

throughput and lower unit production costs than in any prior quarter as a direct result of 

modifications up through Q1 2015. [25] Thus, all but two of these negative factors that 

impacted historic reality have been excluded in this study under the assumption that 

some form of resolution has been separately implemented. At the very least, these 

factors are all reasonably likely risks that may continue to be faced by any future 

operation regardless of the implementation, or lack thereof, of any gravity separation or 

change in flotation regime. 
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The first of the two exceptions to this exclusion of recent operation data is in the 

form of the base case cleaner flotation recovery value of 55% REO at grades of 50-55% 

REO. The use of this value was selected based on recent operating data despite being 

significantly less than the 65% REO recovery used in the 2010 technical report. The 

accompanying calcium content of 5.5% Ca used in the base case model is derived from 

the physical sample of MPC material tested throughout the course of this study. The 

other negative factor that has been included in this cashflow is the observation that not 

all Ce product was able to be sold, with up to half sometimes being stockpiled due to 

unfavorable market conditions. 

6.3 Exclusions 

There are three significant identified exclusions in the following model that result 

in an underestimation of total OPEX. The first of which is that the cost of leaching Mg, 

present in the form of dolomite, has been excluded from the calculation given the lack of 

Mg assays as of time of writing. In this regard, the calculated HCl demand is a lower 

bound value, resulting in an underestimation of fresh HCl and chloralkali utility OPEX. 

The other two values that have been excluded, but would exist in practice, are 

transportation costs for all REO product to market, [21] as well as the cost of physically 

stockpiling any unsold Ce product. 

No considerations have been included regarding any throughput limitations of the 

leach/crack circuit, the chloralkali and brine treatment plants, nor the 50 MW capacity of 

the CHP plant. [23] 

There are possibly other exclusions that have yet to be explicitly identified as 

such due to the opaque, and at times unnuanced, nature of reported and estimated 

OPEX values for Mountain Pass. These in themselves could be materially relevant. 

This analysis is performed in a pre-tax environment, thus depletion, depreciation, 

amortization, and inventory impacts have been excluded. 

No ramp up period has been included in this analysis, although it is likely that 

one would exist in practice. 
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A practical matter of physical placement of the REO gravity circuit has been 

excluded from explicit consideration within this analysis. It is known that building an 

extra story on top of the float cell area on the existing mill is not likely viable due to the 

underlying foundation and ground conditions. [55] However, it is unclear where 

specifically would be an amenable location for such a plant, with possibilities existing 

downhill to the east, or by repurposing old separations buildings to the southwest. 

Similarly, this analysis does not include any provision for salvage value for any cleaner 

float cells that are rendered unnecessary as currently insufficient testwork exists to 

support their removal to clear up floor space for UF Falcons. Provision was made 

however in the CAPEX estimation for construction of a new building all together, while 

the cost of buying the land was excluded given the preexisting ownership of the project 

site. These matters represent an uncertainty in regards to both overall CAPEX accuracy 

as well as the economic timing of implementation. 

6.4 Recovery Assumptions 

It is assumed that each scenario exhibits the following REO and Ca behavior 

shown on the following page in Table 6-1. 

6.5 CAPEX Estimation 

Capital costs (CAPEX) for the retrofits are based on a preliminary budgetary 

quote provided by Sepro for an UF-1500, for a cost of approximately 150,000 US$ per 

unit, (converted from approximately 180,000 C$ as quoted), [56] as well as various 

factors to reflect the direct and indirect capital costs of ultimately implementing such a 

flowsheet. It was determined that the base case would require 6 UF-1500’s, while the 

enhanced case would require 17 UF-1500’s. It is worth noting that a higher contingency 

factor than each estimation methodology recommends was selected to attempt to 

remedy the lack of specification for the various feed tanks and pumps associated with a 

UF Falcon flowsheet that would be necessitated by the semi-batch nature of the units.  
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Table 6-1: REO and Ca performance criteria by scenario. 

Category Units Base Case Enhanced Case 

Ore Milled mtpy 400,000 400,000 

Mill Feed Grade % REO 8 8 

% Ca ~12 ~12 

Float Recovery Stage Cleaner Rougher 

mtpy solids 35,200 65,641 

% REO 55 80 

Float Concentrate Grade % REO 50.5 39 

% Ca 5.5 8 

Grav. Recovery Stages # 1 2 

Gravity Operating Condition Open Circuit Locked Cycle 

Gravity Recovery mtpy solids 32,492 45,624 

% REO 96 90 

Gravity Concentrate Grade % REO 52 50.5 

% Ca 4.9 4 

Leach Recovery % REO 93 93 

Ca Leached mtpy 1,592 1,825 

REO Produced mtpy 15,713 21,427 

Overall REO Recovery % REO 49.1 67.0 

 

For the base case scenario, estimates ranged from 3.27 [57] to 6.16 M US$, [58] while 

the enhanced scenario ranged from 9.26 to 17.46 M US$, the range of which reflects 

various estimation factor methodologies. As CAPEX did not appear to be the biggest 

economic factor, the larger estimates were used in their respective cashflow models, 

rounded up to the nearest hundred thousand. Details regarding the smaller CAPEX 

estimate methodology are shown on the following pages in Table 6-2, all values are 

given in 000’s of US$ and are rounded to nearest thousand for line items. 
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Table 6-2: CAPEX estimation methodology. 

Cost 
Capital Cost 
(Base Case) 

Capital Cost 
(Enhanced 
Flotation 
and Gravity) Factor 

Calculation 
Explanation 

UF Falcons, 
minimum 

6 17   

Equipment Cost $900 $2,550 - - 

Installation Costs $351 $995 0.39 
Multiplied by equipment 
cost 

Instrumentation 

and controls 

(installed) 

$117 $332 0.13 
Multiplied by equipment 
cost 

Piping (installed) $279 $791 0.31 
Multiplied by equipment 
cost 

Electrical 

(installed) 
$90 $255 0.1 

Multiplied by equipment 
cost 

Buildings (incl. 

service) 
$261 $740 0.29 

Multiplied by equipment 
cost 

Yard 

Improvements 
$90 $255 0.1 

Multiplied by equipment 
cost 

Services 

facilitates 

(installed) 

$495 $1,403 0.55 
Multiplied by equipment 
cost 

Land 
$- $- 0 

Not Applicable. Land is 
already owned within the 
fence. 

Subtotal Direct 

Costs 
$2,583 $7,319 -  

Engineering and 

supervision 
$827 $2,342 0.32 

Multiplied by subtotal 

direct costs 

Construction 

Expenses 
$878 $2,488 0.34 

Multiplied by subtotal 
direct costs 

Subtotal Indirect 

Costs 
$1,705 $4,830 -  

Subtotal Direct+ 

Indirect 
$4,288 $12,149 -  
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     Table 6-2: Continued 

Contractor’s Fee $214 $607 0.05 Multiplied by subtotal 

direct + indirect costs 

Contingency 
$858 $2,430 0.20 

Multiplied by subtotal direct + 

indirect costs, increased 

mildly due to account for 

known unquoted equipment 

Fixed Capital 

Investment 
$5,360 $15,186 -  

Working Capital $804 $2,278 0.15 Multiplied by fixed 

capital investment 

Total CAPEX $6,164 $17,464   

Cashflow 

CAPEX 
$6,200 $17,500  Rounded up to nearest 

hundred thousand. 

 

6.6 OPEX Estimation 

A detailed breakdown of the operating costs (OPEX) derived from a wide range 

of sources is shown explained below. 

Mining costs were estimated from values contained in the technical report. A year 

by year mine plan was provided for strip ratios and REO feed grades, however it has 

not been implemented here given the absence of accompanying Ca grades. Instead, 

the LOM average value for strip ratio of 7.65 has been applied for every year, with a 

feed grade of 8% REO. The values used are shown on below in Table 6-3. [21] 

Table 6-3: Mining OPEX assumptions. [21] 

Category Unit Value 

Strip Ratio (LOM Avg) waste:ore 7.65 

Waste Rock costs $/mt moved 2.21 

Ore costs $/mt moved 3.31 

Mine Labor - Owner Crew 000's $/yr 833 

Owner Equipment 000's $/yr 272 
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Flotation reagent costs and consumptions were obtained from the various works 

of Schriner, [39] Everly, [43] and Williams [44], as illustrated below in Table 6-4 and 

Table 6-5. 

Table 6-4: Base Case flotation reagent costs. [21][39][43] 

Reagent Unit Costs, 

$/kg 

Consumption, 

kg/mt 

Annual Cost,  

000's $/yr 

Soda Ash 0.344 2.5  $           344  

Frother 2 0.05  $              40  

Fatty Acid 

(collector) 

3 0.3  $           360  

ALS 1 2.5  $        1,000  

Subtotal 
  

 $        1,744  

 

Table 6-5: Enhanced Case flotation reagent costs. [21][43][44] 

Reagent Unit Costs, 

$/kg 

Consumption, 

kg/mt 

Annual Cost, 

000's $/yr 

Soda Ash 0.344 5.14  $           707  

Frother 2 0.01  $                8  

Enhanced Collector 10 3.45  $     13,800  

ALS 1 2.5  $        1,000  

Subtotal 
  

 $     15,515  

 

It should be noted that, in the case of the enhanced collector, the unit cost is not 

well established at this time. Input from multiple parties has indicated this cost could 

vary from anywhere from 1$/kg to up to 20 $/kg of enhanced collector. [59] [60] A value 

of 10 $/kg has been used here for sake of consistency when comparing to studies 

performed by Everly [43] and Williams [44]. 
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Mill labor consists of the existing labor force alongside additional operators to run the 

gravity circuit. Given the labor rates listed in the technical report, Table 6-6 as shown 

below illustrates the overall breakdown of mill labor costs. 

Table 6-6: Mill labor cost assumptions. [21] 

Position Base 

Rate 

Base Burden Overtime Salary Hourly Total 

Units $/hr $/yr  %  % $/yr $/yr # 000$/yr 

Superintendent 
 

120000 30 
 

156000 0 1 156 

Foreman 30.19 62795 30 4 0 86532 5 433 

Maintenance 

Foreman 

30.19 62795 35 4 0 89860 6 539 

Maintenance 

Mechanics 

30.98 64438 35 4 0 92211 12 1107 

Boiler Tenders 28.69 59675 40 4 0 88558 2 177 

Operators 

(5/shift w/grav) 

27.34 56867 40 4 0 84391 25 2110 

Loader 

Operator at 

Stockpile 

27.34 56867 40 4 0 84391 2 169 

Equipment 

Operator at 

Crusher 

27.34 56867 40 4 0 84391 2 169 

Subtotal 
      

55 4,857 

 

Mill utilities costs were estimated using the baseline values for unit costs and 

consumptions as found in the 2010 technical report, alongside the additional electricity 

demands of the UF Falcons. Each UF Falcon has an installed motor power of 37.5 kW 

per vendor information and an assumed power factor of 0.8. Under the conditions of the 

technical report, in the absence of gravity the mill and flotation area has an electricity 

consumption of 16,800 MW/yr. The consumption of natural gas was not stated, however 
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the cost of the natural gas demand was lumped in with the electricity costs. This results 

in the base case and enhanced case scenarios exhibiting the following utilities costs as 

shown below in Table 6-7 and Table 6-8 respectively. 

Table 6-7: Base Case mill utility costs. [21] 

Category Unit Costs Consumption Annual Cost 

000’s $ 

Electricity 0.029 

$/kW-hr 

18376 

MWh/yr 

532.9 

Natural 

Gas 

5 

$/mmBTU 

N/C N/C 

Water 5 $/kgal N/C 259 

Subtotal Base Case 
 

791.9 

 

Table 6-8: Enhanced Case mill utilities costs. [21] 

Category Unit Costs Consumption Annual Cost 

000’s $ 

Electricity 0.029 

$/kW-hr 

21267 

MWh/yr 

617 

Natural 

Gas 

5 

$/mmBTU 

N/C N/C 

Water 5 $/kgal N/C 259 

Subtotal Enhanced Case 876 

 

Costs are also incurred for various other mill supplies such as grinding media, 

the annual combined costs of which is approximately 2.639 million USD per year. This 

is in addition to approximately 3.498 million USD per year worth of G&A costs. [21] 

Tailings costs were derived from the technical report, and consist of a number of 

components. One of these components, flocculant, is a function of tailings tonnages 

rather than an insensitive fixed annual cost such as the paste plant labor. In total, the 
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paste plant contribution to the annual overall operating costs is 216.7 kUS$ in power 

costs, 2.259 MMUS$ in other fixed costs, and 0.308 $/mt of tails solids. The power 

costs has been isolated to respond to variations in unit electricity costs commensurate 

with the mill utilities area. [21] 

Within the technical report, a single line item cost of ~1.556 $/kg REO produced 

is given to account for all OPEX occurring within the cracking, SX, product precipitation, 

CHP, Chlor-Alkali plant, and brine treatment. The exact components of this cost are not 

fully specified, however it is specified that fresh HCl consumption was not included in 

this value of 1.556 $/kg REO produced. [21] For purposes of this economic model 

however, it is assumed that this cost does not include any chlor-alkali costs arising from 

specifically Ca leaching. 

Although risking redundancy with the baseline REO precipitation and purification 

unit costs, the HCl acid consumptions and resulting costs were based on the 

stoichiometric requirements for both Ca and REE respectively as denoted in the 

following chemical equations 6.1 through 6.4. In practice, 3 moles of HCl are required 

per 1 mole of REE. 

2HCl + Ca(CO3) = CaCl2 + H2O + CO2    (6.1) 

REEF3-REE2(CO3)2 + 9HCl = REEF3 + 2REECl3 + 3HCl + 3H2O + 3CO2 (6.2) 

REEF3 + 3NaOH = REE(OH)3 + 3NaF    (6.3) 

REE(OH)3 + 3HCl = REECl3 +3H2O           (6.4) 

 

Although the chlor-alkali plant has historically been operationally hindered, this 

model assumes however that it is operational. The overall capacity of the chlor-alkali 

plant’s regeneration capabilities are limited however as a safety basis limits the 

regeneration potential is at most approximately 90% of the respective HCl consumption. 

Typical operating inputs for power and heat for membrane style chlor-alkali plants were 

derived from two publications, both of which indicated similar values. [61][62] An 
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example produced by the European IPPC Bureau, as was used to derive the underlying 

cost model, is shown below in Figure 6-1. 

 

Figure 6-1: Typical operating values for various styles of Chlor-Alkali plants [61]. 

 

For purposes of this calculation, it was assumed that the bulk of the chlor-alkali’s 

costs are associated with the generation of NaOH, while the costs of HCl regeneration 

are ignored due to lack of similarly specific values. The labor costs for the chlor-alkali 

plant have been assumed to be lumped in with the 1.556 $/kg REO value from the 2010 

SRK report, nor would the labor costs scale up in response to Ca. At baseline power 

and natural gas unit costs, this results in each kg of Ca in the leach circuit yielding 

approximately an additional 0.150 $/kg Ca leached just in increased demands for the 

chlor-alkali circuit. 

Unit costs for HCl were derived from a combination of sources, indicating that 

industrial quantities of 36 wt% HCl can likely be delivered to locations in the USA for a 
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cost of between 150-250 $/mt depending on prevailing market conditions, or 0.20 $/kg 

HCl mixture on average. [63] This is also on par with the value used in the 2010 

technical report. [21] A graph providing a recent snapshot of the US HCl market is given 

below in Figure 6-2. [63] 

 

Figure 6-2: Snapshot of recent HCl costs for the USA. [63] 

 

For further context, in 2013 the lack of an operating chlor-alkali plant was 

attributed to increasing the REO production costs by as much as 4 $/kg REO over 

baseline when required to source HCl and caustic soda from external sources. [54] 

Additionally, the Mountain Pass operation represents one of, if not the largest, users of 

HCl west of the Mississippi, so the capacity to source sufficient quantities of make up 

HCl relative to the broader market’s production capabilities is non-trivial. [23] 

In total, the operating costs are as follows for each of the two scenarios as shown 

on the following page in Table 6-9. 
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Table 6-9: Overall annual operating costs by scenario. 

OPEX Area Base 

Case 

000$’s 

Enhanced 

Case 

000$’s 

Change 

000$’s 

Mining Costs 9,191.6 9,191.6 0 

Flotation 

Reagents 

1,744 15,515 13,771 

Mill Labor 4,857 4,857 0 

Mill Utilities 792 876 84 

Mill Supplies 2,639 2,639 0 

Fresh HCl 965.5 1,279.5 314.0 

Ca Chlor-Alkali 238.6 273.5 34.9 

Ca Precipitation 695 796 102 

Tailings 

Impoundment 

2,589 2,585 -4 

REO 

Precipitation 

24,457 33,350 8,893 

G&A Costs 3,498 3,498 0 

Total OPEX 51,666 74,861 23,195 

 

6.7 Revenue Estimation 

While REE product prices are less transparent than copper and gold for example, 

spot prices were obtained reflecting pricing conditions in Q1 2018 in order to better 

determine what the effective basket price would likely be, particularly in light of partial 

rather than full Ce product sales volumes. Additionally, the price of SEG has been 

conservatively estimated using the value for strictly Sm, as it makes up the largest 

portion of this combined product by weight. This information is included in Table 6-10 

and Table 6-11 on the following page. 
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Table 6-10: REO basket price calculation. [64] 

Product price/kg % of REO Product 

$/kg of REO 

Produced 

Cerium Oxide (>99.5%) $2.00  50.0% 
 

Lanthanum Oxide (>99.5%) $2.00  33.0% 
 

Praseodymium (>99%) $85.00  4.0%   

Neodymium Oxide 

(>99.5%) $39.00  12.0% 
 

Nd/Pr Oxide Equivalent    

SEG + Others $2.00 1.0%  

Combined Basket   $9.76 

 

Table 6-11: REO effective sales prices and sales percentages. 

Product price/kg % of Product Sold $/kg of REO Sold 

Cerium Oxide (>99.5%) $2.00  50.0% 
 

Lanthanum Oxide (>99.5%) $2.00  100.0% 
 

Praseodymium (>99%) $85.00  100.0% 
 

Neodymium Oxide 

(>99.5%) $39.00  100.0% 
 

Nd/Pr Oxide Equivalent    

SEG + Others $2.00 100.0%  

Combined Basket  75.00% $12.347 

 

6.8 Cashflow Analysis 

A condensed 10 year pre-tax cashflow model for each scenario is shown below 

in Table 6-12 and Table 6-13 on the following page for the base case and enhanced 

case scenarios respectively. 

The key economic outputs of the modeled cashflows are shown side by in Table 

6-14 on page 126 as well as an incremental comparison of the two options. 
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Table 6-12: Condensed pre-tax cashflow for standard flotation with gravity. 

 

 

Table 6-13: Condensed pre-tax cashflow for enhanced flotation with gravity. 
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Table 6-14: NPV, IRR, and Payback Periods by scenario. 

Scenario Base Case 

Standard Float 

+ Gravity 

Enhanced Case 

Enhanced Float 

+ Gravity 

Incremental 

NPV @ 12%, 000's$ 524,012 680,614 156,602 

IRR 1,514% 706% 263% 

Payback Period, 

months 

0.79 1.70 4.56 

 

As shown above in Table 6-14, the combined use of an enhanced collector, such 

as used in studies by Everly and Williams, coupled with gravity separation yield a 

significant improvement to project economics compared to implementation of gravity 

alone, increasing the NPV up from approximately 524 million US$ to approximately 

680.6 million US$. On an incremental basis, the use of gravity and enhanced flotation 

yields an incremental NPV of approximately 156.6 million US$ at an IRR of 263%. 

In total, the cost of Ca is the combination of Ca precipitation costs, additional 

energy demands for the chlor-alkali plant, and lastly the need for some fresh HCl make 

up. Combined, at base rate unit costs for all respective inputs, this means each kg of Ca 

sent to leaching yields an additional cost of 0.693 $/kg Ca leached. This is constant 

regardless of the presence of enhanced flotation or gravity given the assumption that 

the chlor-alkali plant is not bottlenecked to a specific production level. 

Under base case conditions Ca incurred a cost of ~0.070 $/kg REO produced 

(~0.094 $/kg REO sold), while in the enhanced case it incurred a lower cost of 0.059 

$/kg REO produced (~0.079 $/kg REO sold.) This savings of ~0.011 $/kg REO 

produced is in excess of the additional power costs (~0.003 $/kg REO produced) 

associated with the greater number of UF Falcon. Thus, while they exhibit a 

comparatively high power cost per unit throughput, the removal of Ca easily pays for 

this extra power costs of using UF Falcon’s provided no major impacts to sales revenue 

occur. 
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A sensitivity analysis was performed, as shown below in Figure 6-3 and Figure 

6-4. 

 

Figure 6-3: Sensitivity analysis for the Base Case scenario. 

 

 

Figure 6-4: Sensitivity analysis for the Enhanced Case scenario. 
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As anticipated, the project is highly sensitive to gross revenue and operating 

costs, while comparatively insensitive to the gravity circuit’s CAPEX. In the case of the 

enhanced collector, it is moderately sensitive to collector costs, however can reasonably 

survive at a cost of $20/kg enhanced collector. 

To further put all of these scenarios in perspective, it is worth considering both 

the CAPEX for new evaporation ponds as well as the cost of care and maintenance. 

The former is atypically expensive at 2 to 2.5 M USD/acre for Mountain Pass, thus it 

would not take much in the way of pond area to eclipse the cost of a gravity circuit. [65] 

This disregards the practical fact that a provision for new evaporation ponds was 

removed from the newest permit. [66] 

The cost of care and maintenance for Mountain Pass in late 2015 / early 2016 

was on the order of 15 to 30 million dollars per year if annualized based on figures 

contained in the bankruptcy proceedings docket, thus even if a given scenario’s 

outcome were uneconomic due modeled or unmodeled factors, it may still be 

worthwhile to keep operating temporarily at a loss in order to avoid that potentially larger 

cost. [67][68] 

  



129 

CHAPTER 7:  POTENTIAL BYPRODUCT GENERATION AND ALTERNATIVE 

FLOWSHEET ANALYSIS 

7.1 Barite Byproduct 

While not explicitly modeled, there are other scenarios that could conceivably 

improve the project economics. As they have not represented the main objectives of this 

study, a preliminary discussion regarding the possible benefits and drawbacks of these 

alternatives is provided for further consideration. 

7.1.1 Preliminary Economic Assessment of Barite 

One of these options includes the possibility of producing a drilling mud barite 

byproduct via an initial step of gravity separation on either/both the rougher and cleaner 

circuit tailings regardless of what is implemented upstream. Given that whole ore is on 

the order of 20% barite, and at a barite product price range of 100-200 $/t solids, this 

implies the possibility of adding an extra 20-40 $/t milled of gross revenue at maximum. 

Regarding recent pricing, the estimated annual average price for ground barite f.o.b. mill 

has generally been closer to the 170-200 $/mt range since around 2011. [69] 

While international trends differ, within the US 90% or more of barite 

consumption is used as drilling mud additives. Thus, oil and gas drilling activity drives 

domestic barite demands. The US currently imports 75-80% of its barite, with China 

(69%), India (13%), Mexico (9%), and Morocco (7%) representing the main sources. 

The US market is large enough, on the order of 1.45 to 3.47 Mtpy, to reasonably adsorb 

any tonnage produced at Mountain Pass provided its viable for the end users oil field 

demands. In terms of domestic mine competition, this is also favorable as in 2017 there 

were only three active barite mines. [70][71] 

7.1.2 Metallurgical Assessment of Barite 

The existing UF Falcon work on whole ore indicates that rougher recoveries in 

the high 80% Ba range are possible, suggesting that should remain possible on tailings 

materials pending in progress confirmation testwork. Preliminary results of two passes 

on enhanced flotation tailings suggests the trends observed on whole ore material is 

likely a valid proxy for indicative potential, and that the resulting Ba/Ca per pass 
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recovery ratios will likely also be similar to their whole ore counterparts provided other 

test conditions are analogous. These results can be found in Appendix K. Such a 

rougher UF Falcon barite circuit would likely require on the order of 29 to 33 UF-1500 

Falcons assuming no recirculation of barite cleaner circuit tailings. 

Such a rougher gravity barite product would still require additional processing by 

either gravity, flotation, or some combination thereof to meet specifications for 

minimization of calcite content. [72] Mercifully, the presence of REE bearing minerals, 

and to a lesser extent Si and Th, represent less of a problem provided the overall solids 

SG remains near or above 4.10. The main penalty impurity that end users are most 

worried about would be Hg, as drillers have reported that this contaminant originates 

from the barite rather than the oil/gas deposits. Th is of less interest as drilling naturally 

mobilizes enough Th that any reasonably low residual content in barite could be 

relatively tolerated. [73] However, input from the recent mining permit suggests this 

could still be a problem if the level were greater than 0.05% U+Th, and likely unsaleable 

all together if greater than 0.25% U+Th. [66] 

The SG target of 4.10 has been reduced in 2010 from 4.20, as 4.20 barite has 

become increasingly scarce in terms of the respective providers geologic resources. 

The main reason for adding barite is to increase mud density, so this is in some ways 

the most important specification above inertness, impurity profiles, and particle size 

distribution roughly in descending order of importance. While traditionally barite for 

drilling mud per API specifications [72] would need to exhibit a coarser particle size 

distribution than the MP tailings mineralogy indicated, relatively new products as of mid-

2016 have been introduced by Halliburtion exclusively in the below spec size fraction. 

Additionally, the presence of residual ALS could potentially be a value adding, or at 

least value neutral, impurity as this is often added at fields to reduce drilling mud 

viscosities. As the API particle size specification is intended to enable better recycling of 

barite during drilling activities, this implies the market for ultrafine barite for drilling likely 

is in response to other problems. It is proposed that the use of ultrafine barite enables 

both higher SG’s (approaching 4.35 due to increased liberation), and allows for low-

rheology fluids that are less prone to barite sag in the well during drilling. 
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There is an another possible upside to recovering a barite by-product via gravity 

from the floatation tailings, in as much as it potentially will result in co-recovery of REO 

in the process. Furthermore, it is actually possible in some instances to separate REO 

from barite via gravity if preceded with a roasting step at 850 C. This renders the REE 

mineral species into an SG of 7.0 while leaving the barite at an SG of ~4-4.5, thus 

allowing for gravity separation to be an effective means of separation assuming 

liberation and particle sizes are otherwise amenable. Such a flowsheet was tested 

before in 1956 with a shaking table for the gravity separation portion with 93% REO 

recovery to the gravity concentrate. This may be a challenge from a permitting 

perspective however given the generally more rigorous requirements of California. [74] 

Another alternative for yielding co-recovery of REO from a barite byproduct 

would be the use of acid leaching on a nearly clean barite concentrate. While this would 

only recovery 66% at most of the contained REO value, it would simultaneously remove 

any Ca and possibly reduce the Th content. 

The barite appears to be fairly liberated in the enhanced rougher flotation tailings, 

with 80% of it in the minus 200 mesh fraction exhibiting 90-95% liberation. Additional 

details regarding barite mineralogy in the enhanced rougher flotation tailings is available 

in Appendix C. 

7.1.3 Logistical Implications of Barite Processing 

There are other non-metallurgical obstacles to production of a barite concentrate 

at Mt. Pass that are worth mentioning. There is little floor space available in the existing 

mill facility area, and it is likely a barite circuit would require even more floor space given 

the tonnage of flotation tailings. Per the current mine and site plan, there are also few if 

any areas alongside the existing flotation tailings line between the mill and paste plant 

that are available for construction of a gravity facility. This is due to the existing 

topography and crushing facility and the future presence of the north overburden 

stockpile as well as the expansion of the mine pit itself. [66] Assuming the overburden 

stockpile cannot be reconfigured to accommodate the footprint of such a plant, then it is 

necessary to substantially reroute the entire flotation tailings volume to other regions of 
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the site. This is not necessarily impossible barring further analysis, but it is non-trivial, 

and in all cases will require pumping significant amounts of slurry uphill at some point. 

A cursory examination of the current and future site plans suggest the best option 

for such a gravity plant would be roughly in the area previously reserved for additional 

evaporation ponds north of the modern tailings impoundment. This at least allows for 

the possibility of connecting into the existing pipeline upstream of the paste plant, as 

well as minimizing the distance the resulting gravity tailings would need to be piped 

back to the paste plant. Another advantage to this location is that it could potentially 

avoid having to cross any of the haul roads when transporting the barite product to 

market. This is important given that the tonnage of barite product is, ideally, significant, 

and by extension so are the logistics of physically getting it to market. However, this 

requires on the order of 10 meters of elevation gain for such a gravity feed compared to 

the paste plant’s location nor is a straight path likely viable. 

Such a hypothetical plan is illustrated on the following page in Figure 7-1, in 

which the blue arrows represent that approximate path of the existing flotation tailings 

pipeline, the red the additional piping necessary to connect the barite and paste plants, 

and the green arrows the roads for transporting the product out to market. 

Other options potentially exist in the eastern side of the site, but are considered 

less ideal options due to pumping distances, elevation changes, and permitting 

implications based on a cursory analysis. 

In short, even if lab testing reveals that a barite byproduct can be produced, there 

are significant practical implications that would need to be considered from a civil, 

piping, and logistics perspective. 
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Figure 7-1: Potential barite process facility placement. [66] 

 

7.2 Potential Implementation of Sortation 

Another potentially favorable scenario involves the use of X-ray sortation, or 

possibly other forms such as optical should they prove amenable, in the upfront 

crushing circuit. This is proposed for the Bokan Mountain deposit to separate out near 

barren materials given the combination of mineralogy and proposed mining methods. In 

the case of Mountain Pass, this potentially frees up grinding and flotation capacity, as 

well as conceivably reduces heat demands by having a lesser tonnage, per ton “milled”, 

report to flotation such as would be the case in the event gravity were viable upstream 
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of flotation. However, no dedicated test work has been performed to date to evaluate 

what, if any, amenability the Mountain Pass deposit might have to such a method. 

Additionally, as Mountain Pass is comparatively more disseminated, while Bokan 

Mountain is a vein deposit, it is reasonably possible that sortation methods would fail to 

yield any significant or efficient pre-concentration of REE values and/or Ca rejection. 

Inversely, a number of visually liberated, by naked eye, and comparatively bright white 

particles have been noted to occur during roll crushing of the whole ore sample at both 

passes, such that isolation via optical, IR, or X-ray style sensors seems reasonably 

possible. Examples of such particles are currently isolated, via hand picking, on a 

sample of the 2.3 mm crush size whole ore material should future authors wish to 

examine them. 
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CHAPTER 8:  CONCLUSIONS 

From a purely metallurgical perspective, the use of gravity as a means of 

rejecting acid consuming gangue prior to flotation was shown to be moderately 

successful. Via the application of a UF Falcon rougher gravity circuit, in itself 

representing a novel use for the equipment, a gravity pre-concentrate can be produced 

with REO recoveries approaching 90%, with a corresponding calcium rejection on the 

order of 30%. 

However, when compared against recent parallel advances in flotation, the 

results of gravity pre-concentration are notably inferior to those obtained in a rougher 

capacity with novel flotation collectors (for example: 90% REO recovery and 80% 

calcium rejection at similar grind sizes). As such, from a practical and economic 

perspective, the use of gravity now appears better suited for processing flotation 

products rather than rougher flotation feed. 

The use of UF Falcons has also demonstrated to be an effective option for 

removing Ca from traditional cleaner flotation concentrates as well as indicatively so for 

an enhanced rougher flotation concentrate. Results of bulk recovery testing suggest 

modest degrees of Ca rejection are possible while achieving greater than 93% REO 

recovery on both forms of material. Results for maximizing REO grade on cleaner 

flotation material suggests the REO grade can be increased via a UF Falcon from 

~50.5% REO to up to 59-62% REO, while the accompanying Ca grade can be 

decreased from ~5.5% down to 2.0% Ca, approaching the limit for stoichiometric 

minimum Ca content for the respective REE mineral suite. 

Limited testing of shaking tables also confirms that a low Ca grade concentrate of 

as little as 1.8% Ca can be produced from either whole ore or flotation concentrates, 

however recoveries were generally poor. It is unclear if this was a function of inherent 

material amenability to a shaking table, or if the testing itself suffered from external 

negative influences. Follow up shaking table testing is advised for future studies. 

A preliminary economic analysis suggests that, specific to the case of Mountain 

Pass, there would be a significant economic impact resulting from improvements in the 

ultimate float/gravity concentrate grade/recovery.   
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CHAPTER 9:  SUGGESTIONS FOR FURTHER WORK 

As a result of this and other studies, it is recommended that further testwork 

should attempt to focus on quantifying and improving cleaner circuit performance, 

regardless of whether it consists of gravity, flotation, or some form of combined 

flowsheet. This will require significantly more bulk rougher flotation testing in order to 

generate sufficient material, particularly in the event locked cycle gravity testing is 

desired. 

In the event further UF Falcon gravity testing is performed on Mountain Pass 

material, it is recommended that at least one scoping test be performed at elevated 

temperatures analogous to that of the flotation circuit to evaluate if this has any impact. 

Given that at least one collection of authors have proposed that UF Falcon performance 

is partially a function of viscosity, itself a function of temperature, it is conceivable that 

this may have an impact on the system. To date, all UF Falcon testing has been 

performed at ambient temperatures. 

Follow up gravity testing is also recommended on the flotation tailings in order to 

determine if a viable barite for drilling mud byproduct could conceivably be produced via 

a combination of either gravity and or flotation on a gravity concentrate. Additionally, 

triboelectric separation may be worth evaluating given its use for recovering barite in 

India. 
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APPENDIX A:  WHOLE ORE, MPC, AND MODERN TAILINGS MINERALOGY 

 

Table A-1: Mass distribution (wt %) of the samples used for mineral liberation analysis. 

Sieve Fraction (US Mesh) Ore Tails MPC 

100 13.0% 5.5% 0.6% 

100 X 200 11.4% 12.8% 2.5% 

200 X 400 11.4% 21.1% 17.8% 

400 X 500 5.9% 9.0% 16.8% 

-500 58.3% 51.7% 62.3% 

Total 100.0% 100.0% 100.0% 

 

 

Figure A-1: Particle size distributions of the ore, tails, and MPC (“Con”) samples. 
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Table A-2: Content by mineral grouping in the ore sample. 

Mineral Group Ore Tails MPC 

REE Minerals 16.3% 7.02% 82.1% 

Carbonates 39.7% 44.6% 12.4% 

Sulfates & phosphates 29.7% 28.3% 3.81% 

Silicates 13.4% 19.0% 1.60% 

Oxides/hydroxides 0.72% 1.05% 0.12% 

Sulfides 0.18% 0.08% 0.04% 

 

Table A-3: Distribution of cerium by mineral in ore, tails, and MPC samples. 

Mineral Ore Tails MPC 

Bastnaesite 83.9% 77.4% 75.9% 

Parasite 7.7% 7.1% 13.6% 

Monazite 5.1% 10.5% 6.9% 

Synchysite 3.0% 1.9% 3.3% 

REE Silicate 0.3% 1.1% 0.2% 

Allanite 0.0% 2.0% 0.1% 

Total 100% 100% 100% 
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Table A-4: The modal mineral concentrations in weight percent. 
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Figure A-2: Back Scatter Electron image from Mt. Pass Ore sample. 

 

Table A-5: Associations by mineral grouping for the ore sample. 

Mineral Silicates 

REE 

Minerals Carbonates 

Phosphates 

& Sulfates Sulfides 

Oxides/ 

hydroxides 

Free 

Surface 

REE 

Minerals 3.4% 0.0% 17.2% 7.3% 0.0% 0.3% 71.9% 
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Figure A-3: Measured and calculated diffractograms for the ore sample. 

 

 

Figure A-4: Diffractogram with candidate phases for the ore sample. 
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Table A-6: Quantitative XRD analysis compared with the MLA analysis for the ROM ore 
sample. 

Phase Name XRD (%) MLA (%) 

Dolomite 44.6 16.2 

Calcite 25.3 21.3 

Barite 13 20.9 

Strontianite 6.8 1.6 

Quartz 4.8 6 

Bastnaesite 1.6 12.9 

Celestine 1.2 16.2 

Monazite 0.8 0.8 

Orthoclase (K-Feldspar) 0.7 4.1 

Annite (Biotite/muscovite) 0.6 1.6 

Synchysite 0.5 0.7 

Parasite 0.05 1.8 
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Table A-7: Mineral content by size fraction in the MPC sample. 
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Figure A-5: False color MLA image for the MPC sample. 

 

 

Figure A-6: BSE image for the MPC sample. 
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Table A-8: Associations for the REE minerals in the MPC sample. 

Mineral Silicates 

REE 

Minerals Carbonates 

Phosphates 

& Sulfates Sulfides 

Oxides/ 

hydroxides 

Free 

Surface 

REE 

Minerals 1.44% 0.0% 6.09% 1.57% 0.00% 0.07% 90.83% 

 

 

Figure A-7: Liberation by particle composition in the MPC sample. 
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Figure A-8: Liberation by composition for the REE minerals grouping in MPC sample. 
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Figure A-9: Measured and calculated diffractograms for the MPC sample. 

 

 

Figure A-10: Diffractogram with candidate phases for the MPC sample. 
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Table A-9: Quantitative XRD analysis compared with the MLA analysis for the MPC 
sample. 

Phase Name XRD (%) MLA (%) 

Strontianite 26.3 3.4 

Bastnaesite 24.1 56.9 

Dolomite 22.4 1.2 

Parisite 9.9 15.7 

Calcite 8.7 7.2 

Quartz 6 1.2 

Celestine 2.2 0.6 

Orthoclase (K-

Feldspar) 

0.6 0.1 

Barite 0.5 1.9 

Synchysite 0.4 3.6 

Monazite 0.03 5.5 
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APPENDIX B:  SCOPING UF GRAVITY CONCENTRATE PASS 1+2 MINERALOGY 

This appendix refers exclusively to the mineralogy of the combined pass 1 and 2 

concentrates from Scoping UF Test 1, which was also used as the exclusive gravity 

concentrate material tested in Williams study. 

Table B-1: Sieve analysis of scoping gravity concentrate sample. 

Sieve Fraction (US Mesh) Weight Percent 

100 0.1% 

100X200 1.2% 

200X400 26.2% 

-400 72.5% 

Total 100.0% 

 

Table B-2: Content by mineral grouping in the scoping grav conc sample. 

Mineral Group Weight Percent 

Sulfates, phosphates, fluorides & others 40.4% 

Carbonates 29.0% 

REE Minerals 19.4% 

Silicates 10.0% 

Oxides/hydroxides 1.1% 

Sulfides 0.2% 

 

  



156 

Table B-3: Modal mineral concentrations for the scoping grav conc sample. 
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Table B-4: Distribution by REE minerals in the scoping grav conc in weight percent. 

Mineral Cerium Lanthanum Neodymium 

Bastnaesite 84.8% 87.8% 84.5% 

Parasite 3.3% 2.3% 2.0% 

Monazite 8.5% 6.5% 9.8% 

Synchysite 3.3% 3.2% 3.6% 

Allanite 0.2% 0.1% 0.1% 

Total 100% 100% 100% 

 

 

Figure B-1: Mineral liberation by composition for the scoping grav conc. 
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Figure B-2: BSE of the scoping gravity concentrate. 

Table B-5: REE grade and deportment by sieve size fraction, scoping grav conc. 

 Grade (Weight Percent) Distribution 

Sieve Fraction (US Mesh) Ce La Nd Ce La Nd 

100 3.03% 2.08% 0.84% 0.00% 0.00% 0.00% 

100X200 2.51% 1.75% 0.84% 0.50% 0.50% 0.50% 

200X400 5.84% 4.10% 4.10% 24.70% 24.90% 24.60% 

-400 6.38% 4.43% 1.74% 74.80% 74.60% 74.90% 

 

Table B-6: REE associations by mineral grouping in scoping grav conc. 

Mineral Silicates 

Sulfates, phosphates, 

fluorides 

& others 

Oxides/ 

hydroxides Carbonates Sulfides Free Surface 

REE Minerals 2.1% 4.8% 0.3% 7.0% 0.0% 85.8% 
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APPENDIX C:  MPC GRAVITY PRODUCTS AND WILLIAMS’ LF2.2 FLOAT TAILS 

MINERALOGY 

Table C-1: Sieve analysis of MLA samples. 

Sieve Fraction (US Mesh) 

MPC UF 

3rd Cl Conc 

MPC UF 

Pass 4 Tails 

LF 2.2 

Ro Float Tails 

200 0.6% 11.2% 3.8% 

200 X 400 6.1% 19.7% 27.8% 

-400 91.3% 69.1% 68.4% 

Total 100.0% 100.0% 100.0% 

 

 

Figure C-1: Particle size distribution of MLA samples. 
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Table C-2: Content by mineral grouping for MLA samples. 

Mineral 3rd Cl Con 

Comp - Wt% 

4th Pas Grav Tails 

Comp - Wt% 

LF2.2 Tails 

Comp - Wt% 

REE Mins 94.3 58.4 4.15 

Carbonates 3.74 31.6 42.1 

Phosphates, sulfates & others 1.68 5.58 34.4 

Silicates 0.24 4.09 18.1 

Oxides/hydroxides 0.09 0.29 1.09 

Sulfides 0.00 0.01 0.12 
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Table C-3: Modal mineral distribution of MPC gravity products and Williams’ float tails. 

 

  

Mineral Formula 

MPC UF 

3rd Cl 

Conc 

MPC UF 

4th Pass 

Tails 

LF2.2 

Tails 

Bastnaesite (Ce0.55La0.4Nd0.15)(CO3)F 75.7 29.7 2.55 

Calcite CaCO3 1.30 24.2 22.8 

Barite BaSO4 1.02 2.54 28.4 

Parisite Ca(Ce0.6,La0.3Nd0.1)2(CO3)3F2 8.43 15.3 0.28 

Dolomite CaMg(CO3)2 0.23 3.83 17.6 

Monazite (Ce0.54La0.29Nd0.17)PO4 7.53 3.73 0.64 

Synchysite Ca(Ce0.5La0.35Nd0.15)(CO3)F 2.49 8.74 0.26 

Quartz SiO2 0.19 2.82 7.50 

Strontianite SrCO3 2.11 3.55 1.65 

Celestine SrSO4 0.22 0.32 5.98 

K_Feldspar KAlSi3O8 0.01 0.36 5.78 

Apatite Ca5(PO4)3F 0.43 2.70 0.05 

Biotite K(Mg,Fe)3(AlSi3O10)(OH)2 P 0.11 2.11 

Allanite (Ca,Ce0.7,La0.2,Nd0.1)2(Al,Fe)3(SiO4)(Si2O7)O(OH) 0.07 0.91 0.41 

FeO Fe2O3 0.06 0.22 1.00 

Chorite_Mg (Mg4Fe)Al(AlSi3)O10(OH)8 P 0.05 1.02 

Anorthoclase (Na,K)AlSi3O8 0.01 0.12 0.53 

Hornblende (Ca2,Na)(Mg2FeAl)Si6O22(OH)2 P 0.08 0.42 

Thorite ThSiO4 P 0.35 0.05 

Pyroxene CaMgSi2O6 0.01 0.08 0.19 

Plagioclase (Na,Ca)(Al,Si)4O8 P 0.04 0.24 

Andradite Ca3Fe2(SiO4)3 P 0.05 0.13 

FeMnAlSiO (Fe,Mn)3Al2(SiO4) 0.01 0.03 0.13 

Cerussite_Sr (Pb0.8Sr0.2)CO3 0.09 0.03 0.03 

Rutile TiO2 0.01 0.06 0.05 

Pyrite FeS2 P 0.01 0.08 

Hollandite BaMn8O16 P 0.01 0.04 

Svanbergite SrAl3(PO4)(SO4)(OH)6 0.01 0.02 0.02 

Galena PbS P P 0.04 

Epidote Ca2(Al,Fe)3Si3O12OH P 0.01 0.01 

Zircon ZrSiO4 P P P 

Vanadinite Pb5(VO4)3Cl 0.01 P ND 

Ilmenite FeTiO3 P P P 

BarioPerovskite BaTiO3 P P P 

Chalcopyrite CuFeS2 P P P 

Molybdenite MoS2 ND P P 

Sphalerite ZnS P P P 

Copper Cu ND ND P 

Bastnaesite (Ce0.55La0.4Nd0.15)(CO3)F 75.7 29.7 2.55 
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Table C-4: Elemental composition of MLA samples. 

Element 

MPC UF 
3rd Cl 
Conc 

MPC UF 
4th Pass 

Tails LF2.2 Tails 

Oxygen 23.3 33.3 40.7 
Cerium 29.9 16.7 1.22 
Lanthanum 20.7 11.0 0.81 
Calcium 1.98 14.6 13.2 

Barium 0.60 1.50 16.7 
Carbon 5.14 7.01 5.34 
Neodymium 8.32 4.44 0.34 
Fluorine 7.17 4.62 0.26 
Silicon 0.11 1.74 6.30 
Strontium 1.36 2.26 3.83 
Sulfur 0.18 0.41 4.99 
Magnesium 0.03 0.53 2.66 
Phosphorus 1.07 0.99 0.09 
Iron 0.06 0.35 1.27 
Aluminum 0.01 0.15 0.96 
Potassium P 0.07 1.04 
Thorium P 0.25 0.04 
Lead 0.07 0.02 0.05 
Titanium 0.01 0.03 0.03 
Manganese P 0.01 0.05 
Sodium P 0.01 0.04 
Hydrogen P P 0.03 
Zirconium P P P 
Molybdenum ND P P 
Copper P P P 
Vanadium P P ND 
Zinc P P P 
Chlorine P P ND 

 

Table C-5: Cerium distribution for MLA samples. 

Mineral 3rd Cl Con 

Comp - Ce (%) 

4th Pas Grav Tails 

Comp - Ce (%) 

LF2.2 Tails 

Comp - Ce (%) 

Bastnaesite 83.7 58.8 69.1 

Monazite 8.1 7.2 17.0 

Parisite 6.0 19.4 4.9 

Synchysite 2.3 14.1 5.8 

Allanite 0.0 0.5 3.3 

Total 100 100 100 
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Figure C-2: REE mineral grain size distribution for MLA samples. 

 

Table C-6: Percent liberation of REE minerals in MLA samples. 

Mineral Bastnaesite Monazite Parisite Synchysite 

MPC UF 3rd Cl Con 89 87 59 38 

MPC UF 4th Pass Tails 45 22 26 14 

LF2.2 Ro. Float Tails 55 45 36 16 
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Figure C-3: MLA false color image of 3rd Cl UF Conc. 

 

 

Figure C-4: BSE of MPC 3rd Cleaner UF Falcon Concentrate MLA Sample. 
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Figure C-5: REE mineral liberation by size fraction in MPC 3rd Cl Conc sample. 
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Table C-7: Mineral content by size fraction of MPC 3rd Cl Conc MLA sample. 

 

 

Mineral Formula +200 

200 X 

400 -400 Modal 

Bastnaesite (Ce0.55La0.4Nd0.15)(CO3)F 51.7 71.0 76.2 75.7 

Parisite Ca(Ce0.6,La0.3Nd0.1)2(CO3)3F2 13.4 11.5 8.19 8.43 

Monazite (Ce0.54La0.29Nd0.17)PO4 2.49 6.24 7.65 7.53 

Synchysite Ca(Ce0.5La0.35Nd0.15)(CO3)F 3.41 2.95 2.46 2.49 

Strontianite SrCO3 1.18 1.28 2.17 2.11 

Calcite CaCO3 11.3 2.02 1.19 1.30 

Barite BaSO4 4.07 2.13 0.93 1.02 

Apatite Ca5(PO4)3F 1.82 0.59 0.41 0.43 

Dolomite CaMg(CO3)2 5.07 0.84 0.16 0.23 

Celestine SrSO4 0.67 0.40 0.20 0.22 

Quartz SiO2 3.39 0.65 0.14 0.19 

Cerussite_Sr (Pb0.8Sr0.2)CO3 0.02 0.04 0.10 0.09 

Allanite (Ca,Ce0.7,La0.2,Nd0.1)2(Al,Fe)3(SiO4)(Si2O7)O

(OH) 

0.18 0.08 0.06 0.07 

FeO Fe2O3 0.28 0.11 0.06 0.06 

Rutile TiO2 0.02 0.01 0.01 0.01 

K_Feldspar KAlSi3O8 0.47 0.06 P 0.01 

Anorthoclase (Na,K)AlSi3O8 0.06 0.01 0.01 0.01 

FeMnAlSiO (Fe,Mn)3Al2(SiO4) 0.03 P 0.01 0.01 

Svanbergite SrAl3(PO4)(SO4)(OH)6 0.01 0.01 0.01 0.01 

Pyroxene CaMgSi2O6 0.07 0.03 0.01 0.01 

Vanadinite Pb5(VO4)3Cl P P 0.01 0.01 

Hornblende (Ca2,Na)(Mg2FeAl)Si6O22(OH)2 0.03 0.01 P P 

BarioPerovskite BaTiO3 P ND P P 

Zircon ZrSiO4 P ND P P 

Ilmenite FeTiO3 P ND P P 

Biotite K(Mg,Fe)3(AlSi3O10)(OH)2 0.07 0.01 P P 

Chorite_Mg (Mg4Fe)Al(AlSi3)O10(OH)8 0.04 0.01 P P 

Thorite ThSiO4 0.01 P P P 

Andradite Ca3Fe2(SiO4)3 0.03 0.01 P P 

Plagioclase (Na,Ca)(Al,Si)4O8 0.10 P P P 

Hollandite BaMn8O16 0.01 0.01 ND P 

Pyrite FeS2 P 0.01 ND P 

Galena PbS P P ND P 

Epidote Ca2(Al,Fe)3Si3O12OH P P ND P 

Chalcopyrite CuFeS2 P P ND P 

Sphalerite ZnS ND P ND P 

Copper Cu P ND ND ND 
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Figure C-6: MLA false color image of MPC Pass 4 Tailings. 

 

 

Figure C-7: BSE of MPC UF Falcon Pass 4 Tailings MLA Sample. 
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Figure C-8: REE mineral liberation by size fraction in MPC Pass 4 tails sample. 

 



169 

Table C-8: Mineral content by size fraction for MPC Pass 4 Grav Tails MLA sample. 

 

 

Mineral Formula +200 

200 X 

400 -400 Modal 

Bastnaesite (Ce0.55La0.4Nd0.15)(CO3)F 28.1 30.1 29.8 29.7 

Calcite CaCO3 27.4 23.5 23.9 24.2 

Parisite Ca(Ce0.6,La0.3Nd0.1)2(CO3)3F2 6.62 8.66 18.7 15.3 

Synchysite Ca(Ce0.5La0.35Nd0.15)(CO3)F 3.99 4.87 10.6 8.74 

Dolomite CaMg(CO3)2 12.1 8.79 1.08 3.83 

Monazite (Ce0.54La0.29Nd0.17)PO4 1.20 1.74 4.71 3.73 

Strontianite SrCO3 1.12 3.81 3.87 3.55 

Quartz SiO2 8.96 7.09 0.61 2.82 

Apatite Ca5(PO4)3F 3.65 5.53 1.74 2.70 

Barite BaSO4 3.26 3.22 2.23 2.54 

Allanite (Ca,Ce0.7,La0.2,Nd0.1)2(Al,Fe)3(SiO4)(Si2O7)O

(OH) 

0.43 0.41 1.13 0.91 

K_Feldspar KAlSi3O8 1.17 0.62 0.16 0.36 

Thorite ThSiO4 P 0.01 0.50 0.35 

Celestine SrSO4 0.42 0.45 0.27 0.32 

FeO Fe2O3 0.36 0.38 0.15 0.22 

Anorthoclase (Na,K)AlSi3O8 0.13 0.09 0.12 0.12 

Biotite K(Mg,Fe)3(AlSi3O10)(OH)2 0.20 0.13 0.09 0.11 

Hornblende (Ca2,Na)(Mg2FeAl)Si6O22(OH)2 0.13 0.07 0.08 0.08 

Pyroxene CaMgSi2O6 0.27 0.17 0.02 0.08 

Rutile TiO2 0.02 0.03 0.07 0.06 

Andradite Ca3Fe2(SiO4)3 0.11 0.10 0.03 0.05 

Chorite_Mg (Mg4Fe)Al(AlSi3)O10(OH)8 0.06 0.07 0.04 0.05 

Plagioclase (Na,Ca)(Al,Si)4O8 0.17 0.06 0.01 0.04 

FeMnAlSiO (Fe,Mn)3Al2(SiO4) 0.04 0.06 0.02 0.03 

Cerussite_Sr (Pb0.8Sr0.2)CO3 0.01 0.01 0.03 0.03 

Svanbergite SrAl3(PO4)(SO4)(OH)6 0.02 0.06 P 0.02 

Hollandite BaMn8O16 0.02 0.02 P 0.01 

Pyrite FeS2 P ND 0.01 0.01 

Epidote Ca2(Al,Fe)3Si3O12OH 0.02 P P 0.01 

Chalcopyrite CuFeS2 P ND P P 

BarioPerovskite BaTiO3 P P P P 

Ilmenite FeTiO3 P P ND P 

Sphalerite ZnS 0.01 P ND P 

Galena PbS P P ND P 

Zircon ZrSiO4 P P ND P 

Vanadinite Pb5(VO4)3Cl P ND ND P 

Molybdenite MoS2 P ND ND P 
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Figure C-9: MLA false color image of LF 2.2 float tailings. 

 

 

Figure C-10: BSE of LF 2.2 Rougher Flotation Tailings MLA Sample. 



171 

Table C-9: Mineral content by size fraction of LF 2.2 Ro Float Tails sample. 

 

 

Mineral Formula +200 

200 X 

400 -400 Modal 

Barite BaSO4 10.4 18.3 33.4 28.4 

Calcite CaCO3 21.9 24.3 22.2 22.8 

Dolomite CaMg(CO3)2 21.1 22.2 15.6 17.6 

Quartz SiO2 10.4 10.8 6.01 7.50 

Celestine SrSO4 2.34 4.01 6.97 5.98 

K_Feldspar KAlSi3O8 10.0 8.55 4.41 5.78 

Bastnaesite (Ce0.55La0.4Nd0.15)(CO3)F 2.66 2.30 2.65 2.55 

Biotite K(Mg,Fe)3(AlSi3O10)(OH)2 12.0 2.70 1.33 2.11 

Strontianite SrCO3 1.07 1.65 1.68 1.65 

Chorite_Mg (Mg4Fe)Al(AlSi3)O10(OH)8 1.90 1.31 0.85 1.02 

FeO Fe2O3 2.28 0.80 1.00 1.00 

Monazite (Ce0.54La0.29Nd0.17)PO4 0.36 0.55 0.70 0.64 

Anorthoclase (Na,K)AlSi3O8 0.63 0.50 0.54 0.53 

Hornblende (Ca2,Na)(Mg2FeAl)Si6O22(OH)2 0.43 0.38 0.43 0.42 

Allanite (Ca,Ce0.7,La0.2,Nd0.1)2(Al,Fe)3(SiO4)(Si2O7)O

(OH) 

0.21 0.11 0.55 0.41 

Parisite Ca(Ce0.6,La0.3Nd0.1)2(CO3)3F2 0.27 0.22 0.31 0.28 

Synchysite Ca(Ce0.5La0.35Nd0.15)(CO3)F 0.28 0.23 0.27 0.26 

Plagioclase (Na,Ca)(Al,Si)4O8 0.37 0.30 0.20 0.24 

Pyroxene CaMgSi2O6 0.39 0.22 0.17 0.19 

FeMnAlSiO (Fe,Mn)3Al2(SiO4) 0.20 0.12 0.13 0.13 

Andradite Ca3Fe2(SiO4)3 0.23 0.11 0.13 0.13 

Pyrite FeS2 0.20 0.08 0.07 0.08 

Rutile TiO2 0.07 0.06 0.05 0.05 

Thorite ThSiO4 P P 0.07 0.05 

Apatite Ca5(PO4)3F 0.03 0.07 0.04 0.05 

Galena PbS 0.01 0.01 0.05 0.04 

Hollandite BaMn8O16 0.04 0.03 0.04 0.04 

Cerussite_Sr (Pb0.8Sr0.2)CO3 0.01 0.02 0.03 0.03 

Svanbergite SrAl3(PO4)(SO4)(OH)6 0.01 0.04 0.01 0.02 

Epidote Ca2(Al,Fe)3Si3O12OH 0.02 P 0.01 0.01 

Zircon ZrSiO4 P P P P 

Molybdenite MoS2 0.03 ND P P 

Chalcopyrite CuFeS2 P P P P 

Ilmenite FeTiO3 0.01 P P P 

Sphalerite ZnS P ND ND P 

BarioPerovskite BaTiO3 P P ND P 

Copper Cu ND P ND P 
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Figure C-11: Barite grain size distribution in LF 2.2 rougher float tailings. 

 

 

Figure C-12: Liberation of barite in LF 2.2 rougher float tailings. 
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APPENDIX D:  WILLIAMS’ LF 2.2 FLOAT AND UF FALCON PRODUCTS 

MINERALOGY 

 

Table D-1: Sieve analysis of Williams’ products. 

Sieve Fraction 

(US Mesh) 

LF2.2 

Con 1 

LF2.2 

Con 2 

UF P1 

Conc 

UF P2 

Conc 

UF P3 

Conc 

UF 

Tails 

+200 1.9% 0.6% 0.4% 1.1% 1.1% 0.4% 

200 X 400 22.1% 10.6% 14.2% 25.2% 24.6% 5.1% 

-400 76.0% 88.8% 85.3% 73.7% 74.2% 94.5% 

Total 100% 100% 100% 100% 100% 100% 

 

 

Figure D-1: Particle size distribution of Williams’ products. 
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Table D-2: Modal mineral abbreviated concentrations for Williams’ products (wt %). 

 

 

Table D-3: Content by Williams’ product mineral grouping in wt%. 

Mineral Group 

LF2.2 

Con 1 

LF2.2 

Con 2 

UF P1 

Conc 

UF P2 

Conc 

UF P3 

Conc 

UF P3 

Tails 

REE Minerals 
71.3 42.1 75.1 70.5 52.8 33.4 

Carbonates 
15.3 33.8 11.3 15.6 29.4 41.2 

Sulfates & phosphates 
8.09 14.3 9.03 8.86 9.20 11.5 

Silicates 
2.96 6.78 1.92 2.74 6.43 11.7 

Oxides/hydroxides 
2.35 2.87 2.56 2.17 2.13 2.12 

Sulfides 
0.07 0.23 0.13 0.10 0.04 0.03 
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Table D-4: MLA-calculated abbreviated elemental composition of Williams’ products in 
wt%. 

Element 

LF 2.2 

Con1 

LF 2.2 

Con2 

UF P1 

Con 

UF P2 

Con 

UF P3 

Con 

UF P3 

Tails 

Oxygen 27.4 34.1 26 27.4 32.3 38 

Cerium 22.7 13 24.2 22.6 16.7 9.04 

Lanthanum 15.8 8.85 16.9 15.8 11.6 5.84 

Calcium 5.68 11.4 4.05 5.63 10.4 15.1 

Carbon 5.38 6.01 5.03 5.42 6.2 6.49 

Neodymium 6.35 3.65 6.79 6.31 4.7 2.45 

Barium 3.45 6.45 3.93 3.74 3.6 5.67 

Fluorine 5.45 2.99 5.72 5.49 4.1 2.14 

Strontium 1.86 3.28 2.08 2.18 2.6 1.98 

Silicon 1.11 2.53 0.72 1.03 2.4 4.12 

Iron 1.6 2.15 1.64 1.35 1.3 2.32 

Sulfur 1.15 2.06 1.3 1.26 1.2 1.59 

Magnesium 0.68 1.57 0.47 0.69 1.3 1.99 

Phosphorus 0.64 0.73 0.73 0.55 0.6 0.53 

Aluminum 0.18 0.41 0.1 0.13 0.3 0.83 

Thorium 0.07 0.13 0.02 0.02 0 1.45 

Potassium 0.12 0.32 0.07 0.11 0.3 0.43 

Titanium 0.15 0.17 0.17 0.21 0.2 0.1 

Manganese 0.06 0.07 0.05 0.05 0.1 0.09 

Lead 0.04 0.1 0.1 0.04 0 0.02 

 

Table D-5: Cerium elemental distribution by mineral for Williams’ samples (%). 

Mineral LF 2.2 

Con 1 

LF 2.2 

Con 2 

UF P1 

Con 

UF P2 

Con 

UF P3 

Con 

UF P3 

Tails 

Bastnaesite 85.9 75.2 87.2 87.5 84.0 53.9 

Monazite 6.1 11.7 6.8 4.9 5.9 12.1 

Synchysite 3.8 6.8 2.9 3.8 5.3 17.1 

Parisite 3.9 5.5 3.0 3.7 4.7 12.4 

Allanite 0.2 0.9 0.1 0.1 0.2 4.5 

Total 100 100 100 100 100 100 
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Figure D-2: REE mineral grain size distributions for Williams’ samples. 

 

Table D-6: Percent liberation (based on particles with 95% and greater REE mineral 
content.) 

Mineral Bastnaesite Monazite Parisite Synchysite 

LF 2.2 Con 1 85.9 6.1 3.8 3.9 

LF 2.2 Con 2 75.2 11.7 6.8 5.5 

UF P1 Con 87.2 6.8 2.9 3.0 

UF P2 Con 87.5 4.9 3.8 3.7 

UF P3 Con 84.0 5.9 5.3 4.7 

UF P3 Tails 53.9 12.1 17.1 12.4 
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Table D-7: Associations by mineral grouping for Williams’ samples. 

Sample Silicates 

Phosphates, 

sulfates & 

others 

Oxides/ 

hydroxides Carbonates Sulfides 

Free 

Surface 

LF 2.2 Con 1 1.4 3.8 0.4 6.4 0.0 88.1 

LF 2.2 Con 2 2.4 4.5 0.5 12.0 0.0 80.6 

UF P1 Con 0.8 2.7 0.2 3.6 0.0 92.6 

UF P2 Con 1.2 3.6 0.2 5.4 0.0 89.5 

UF P3 Con 2.2 4.0 0.3 9.2 0.0 84.3 

UF P3 Tails 4.3 5.3 0.5 16.9 0.0 72.8 
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APPENDIX E:  SCOPING GRAVITY TESTING 

 

Table E-1: Traditional Falcon results. 

Stream Solids Grades, % Recoveries, % 

grams Wt % Ba Ca Si REO Ba Ca Si REO 

P1 Conc. 101.6 7.83 19.95 6.97 3.39 15.04 12.13 4.50 5.14 15.92 

P2 Conc. 103.6 7.98 18.41 8.60 3.73 13.17 11.41 5.67 5.77 14.23 

P3 Conc. 157.4 12.13 15.17 8.05 3.34 11.13 14.29 8.06 7.85 18.27 

P4 Conc. 81.6 6.29 15.35 11.02 4.65 9.70 7.50 5.72 5.67 8.25 

P1-4 Conc. 444.2 34.22 17.05 8.48 3.68 12.24 45.32 23.95 24.42 56.68 

Final Tailings 847.7 65.32 10.67 14.02 5.94 4.84 54.16 75.61 75.17 42.75 

Feed tank residue 5.9 0.45 14.90 11.49 4.58 9.40 0.53 0.43 0.40 0.58 

Feed (calc) 1297.8 100 12.88 12.11 5.16 7.39 100 100 100 100 

 

Table E-2: UF T1 Pass 1 through 2 results. 

Stream Solids Grades, % Recoveries, % 

grams Wt % Ba Ca Si REO Ba Ca Si REO 

P1 Conc. 455 34.72 19.05 8.60 3.13 12.19 53.58 25.95 22.40 54.39 

P2 Conc. 285.7 21.80 13.07 10.00 3.90 8.54 23.09 18.95 17.52 23.92 

P1-2 Conc. 740.7 56.52 16.74 9.14 3.43 10.78 76.67 44.90 39.92 78.31 

P2 Tails 556.6 42.47 6.41 14.69 6.77 3.70 22.07 54.21 59.21 20.22 

Feed tank residue 13.2 1.01 15.46 10.15 4.23 11.32 1.26 0.89 0.88 1.47 

Feed (calc) 1310.5 100 12.34 11.51 4.86 7.78 100 100 100 100 
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Table E-3: UF T1 Pass 3 stage results. 

Stream Solids Grades, % Recoveries, % 

grams Wt % Ba Ca Si REO Ba Ca Si REO 

P3 Conc. 200.1 36.56 6.65 14.44 5.97 4.20 43.65 36.31 32.82 44.64 

P3 Tails 347.2 63.44 4.95 14.60 7.04 3.00 56.35 63.69 67.18 55.36 

Feed (calc) 547.3 100 5.57 14.54 6.65 3.44 100 100 100 100 

 

Table E-4: UF T1 Pass 1 through 3 estimated results. 

Stream Solids Grades, % Approximate Recoveries, % 

grams Wt % Ba Ca Si REO Ba Ca Si REO 

P1-3 Conc. 940.8 72.52 14.60 10.27 3.97 9.38 88.54 64.99 59.84 89.12 

P3 Tails 347.2 26.76 4.95 14.60 7.04 3.00 11.46 35.01 40.16 10.88 

Feed (calc) 1297.3 100 11.95 11.46 4.81 7.64 100 100 100 100 

 

Table E-5: UF T2 results. 

Stream Solids Grades, % Recoveries, % 

grams Wt % Ba Ca Si REO Ba Ca Si REO 

P1 Conc. 374.1 30.58 13.22 9.72 3.82 9.49 37.96 24.62 23.12 42.09 

P2 Conc. 228.4 18.67 10.46 12.67 4.56 5.68 18.33 19.59 16.87 15.39 

P3 Conc. 239.9 19.61 14.18 12.15 4.77 9.03 26.10 19.73 18.52 25.67 

P4 Conc. 136.2 11.13 6.07 14.64 6.42 4.17 6.34 13.49 14.14 6.74 

P1-4 Conc. 978.5 80.00 11.82 11.69 4.59 7.75 88.72 77.43 72.64 89.89 

P4 Tails 244.7 20.00 6.01 13.62 6.91 3.49 11.28 22.57 27.36 10.11 

Feed (calc) 1223.2 100 10.65 12.08 5.05 6.90 100 100 100 100 
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Table E-6: UF T3 results. 

Stream Solids Grades, % Recoveries, % 

grams Wt % Ba Ca Si REO Ba Ca Si REO 

P1 Conc. 346.7 24.15 17.83 9.62 3.40 10.90 32.35 19.16 16.58 34.70 

P2 Conc. 297.8 20.74 16.37 10.20 3.81 9.55 25.52 17.45 15.94 26.09 

P2 Tails 791.4 55.12 10.17 13.94 6.07 5.40 42.12 63.39 67.47 39.22 

Feed (calc) 1435.9 100 13.30 12.12 4.96 7.59 100 100 100 100 

 

Table E-7: UF T4 results. 

Stream Solids Grades, % Recoveries, % 

grams Wt % Ba Ca Si REO Ba Ca Si REO 

P1 Conc. 415.0 31.48 20.38 7.51 2.75 13.12 47.48 19.69 17.31 52.26 

P2 Conc. 274.8 20.85 15.55 11.17 4.18 8.78 23.99 19.38 17.42 23.16 

P3 Conc. 181.2 13.75 9.84 14.82 5.87 5.29 10.01 16.96 16.14 9.20 

P4 Conc. 132.3 10.04 6.30 16.89 7.33 3.38 4.68 14.11 14.69 4.29 

P4 Tails 314.9 23.89 7.83 15.01 7.21 3.67 13.85 29.85 34.44 11.09 

Feed (calc) 1318.2 100 13.52 12.01 5.00 7.90 100 100 100 100 
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Table E-8: UF T4 cumulative results. 

Stream Solids Grades, % Recoveries, % 

grams Wt % Ba Ca Si REO Ba Ca Si REO 

P1 Conc. 415.0 31.48 20.38 7.51 2.75 13.12 47.48 19.69 17.31 52.26 

P1-2 Conc. 689.8 52.33 18.46 8.97 3.32 11.39 71.47 39.08 34.73 75.42 

P1-3 Conc. 871.0 66.07 16.67 10.19 3.85 10.12 81.48 56.04 50.87 84.62 

P1-4 Conc. 1003.3 76.11 15.30 11.07 4.31 9.23 86.15 70.15 65.56 88.91 

P4 Tails 314.9 23.89 7.83 15.01 7.21 3.67 13.85 29.85 34.44 11.09 

Feed (calc) 1318.2 100 13.52 12.01 5.00 7.90 100 100 100 100 

 

Table E-9:Scoping Shaking Table Test 0 

Stream Solids Grades, % Recoveries, % 

grams Wt % Ba Ca Si REO Ba Ca Si REO 

Early 
Conc. 

N/A NC 20.05 6.98 2.99 13.92 NC NC NC NC 

Conc. 
Grab 
Sample 

N/A NC 24.93 2.62 1.04 21.18 NC NC NC NC 

Mids+Tails N/A NC 13.24 12.94 5.44 7.33 NC NC NC NC 

Whole Ore 
feed 

N/A NC NC NC NC NC NC NC NC NC 
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APPENDIX F:  WHOLE ORE UF FALCON DOE TESTING 

Table F-1: Whole Ore UF DOE gravity concentrates. 

Test Conditions Solids Grades, % Recoveries, % 

RPM Grind, 

Min 

Pulp, 

wt% 

grams Wt % Ba Ca Si REO Ba Ca Si REO 

1 930 75 20 431.2 31.89 19.72 8.15 3.09 12.50 46.09 21.44 20.10 50.72 

2 930 120 20 414 31.72 20.34 7.63 2.85 12.36 48.36 20.17 17.91 50.80 

3 930 120 10 356.6 28.41 20.10 7.42 2.79 13.74 42.71 17.52 15.75 49.09 

4 930 75 10 383 30.07 18.90 8.75 3.21 11.04 42.65 21.65 19.08 44.00 

5 1320 75 10 327 25.86 20.59 8.44 2.99 11.63 39.02 17.93 15.24 39.60 

6 1320 120 20 381.6 29.55 20.23 7.57 2.70 13.80 44.53 18.75 15.64 49.86 

7 1320 75 20 412.5 31.89 19.98 7.99 2.82 12.77 45.90 21.54 17.94 48.88 

8 1320 120 10 322.5 25.34 19.94 7.70 2.85 13.49 36.44 15.87 13.49 41.30 

9 1141 90 15 368.5 28.65 19.83 7.67 2.87 12.97 41.80 18.32 16.15 47.20 

10 1141 90 15 375.1 29.38 20.99 7.19 2.79 13.72 45.07 17.58 15.72 51.02 
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Table F-2:Whole Ore UF DOE gravity tailings. 

Test Conditions Solids Grades, % Recoveries, % 

RPM Grind, 

Min 

Pulp, 

wt% 

grams Wt % Ba Ca Si REO Ba Ca Si REO 

1 930 75 20 920.9 68.11 10.80 13.98 5.76 5.69 53.91 78.56 79.90 49.28 

2 930 120 20 891.2 68.28 10.09 14.03 6.07 5.56 51.64 79.83 82.09 49.20 

3 930 120 10 898.6 71.59 10.70 13.85 5.92 5.65 57.29 82.48 84.25 50.91 

4 930 75 10 890.8 69.93 10.93 13.62 5.86 6.04 57.35 78.35 80.92 56.00 

5 1320 75 10 937.4 74.14 11.23 13.48 5.80 6.19 60.98 82.07 84.76 60.40 

6 1320 120 20 909.6 70.45 10.57 13.77 6.12 5.82 55.47 81.25 84.36 50.14 

7 1320 75 20 880.9 68.11 11.03 13.63 6.03 6.26 54.10 78.46 82.06 51.12 

8 1320 120 10 950 74.66 11.81 13.86 6.20 6.51 63.56 84.13 86.51 58.70 

9 1141 90 15 917.7 71.35 11.09 13.73 5.99 5.83 58.20 81.68 83.85 52.80 

10 1141 90 15 901.6 70.62 10.64 14.03 6.21 5.48 54.93 82.42 84.28 48.98 
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Table F-3: Whole Ore UF DOE calculated head grades. 

Test Conditions Solids Grades, % 

RPM Grind, 

Min 

Pulp, 

wt% 

grams Wt % Ba Ca Si REO 

1 930 75 20 1352.1 100 13.65 12.12 4.91 7.86 

2 930 120 20 1305.2 100 13.34 12.00 5.05 7.72 

3 930 120 10 1255.2 100 13.37 12.02 5.03 7.95 

4 930 75 10 1273.8 100 13.33 12.15 5.06 7.54 

5 1320 75 10 1264.4 100 13.65 12.17 5.07 7.60 

6 1320 120 20 1291.2 100 13.43 11.94 5.11 8.18 

7 1320 75 20 1293.4 100 13.88 11.83 5.01 8.34 

8 1320 120 10 1272.5 100 13.87 12.30 5.35 8.28 

9 1141 90 15 1286.2 100 13.59 12.00 5.10 7.87 

10 1141 90 15 1276.7 100 13.69 12.02 5.21 7.90 
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APPENDIX G:  MOUNTAIN PASS CONCENTRATE (MPC) UF FALCON DOE RESULTS 

Table G-1: MPC DOE UF gravity concentrates, Pass 1 results 

Test Conditions Solids Grades, % Recoveries, % 

RPM Pulp, 

wt% 

grams Wt % Ba Ca Si REO Ba Ca Si REO 

DOE 1 930 20 680.4 41.13 1.23 3.63 0.48 55.26 31.17 28.90 21.06 44.51 

DOE 2 930 10 603.4 37.39 1.28 4.37 0.64 53.85 33.11 28.93 28.35 39.83 

DOE 3 1320 20 633.4 38.61 1.21 3.83 0.61 53.79 37.30 24.65 36.96 41.61 

DOE 4 1320 10 546.1 36.61 1.16 3.66 0.43 55.49 29.41 24.85 21.07 39.82 

DOE 5 1141 15 612.7 39.28 1.25 3.74 0.50 54.78 35.67 26.74 25.53 42.12 

DOE 6 1141 15 630.7 40.72 1.15 3.62 0.51 55.37 34.34 27.43 28.59 44.09 

DOE 7 1320 15 608.6 42.00 1.30 3.79 0.50 54.98 37.13 28.63 29.39 45.46 

 

Table G-2: MPC DOE UF gravity tailings, Pass 1 results. 

Test Conditions Solids Grades, % Recoveries, % 

RPM Pulp, 

wt% 

grams Wt % Ba Ca Si REO Ba Ca Si REO 

DOE 1 930 20 973.8 58.87 1.89 6.24 1.26 48.14 68.83 71.10 78.94 55.49 

DOE 2 930 10 1010.2 62.61 1.55 6.41 0.96 48.60 66.89 71.07 71.65 60.17 

DOE 3 1320 20 1007.1 61.39 1.28 7.36 0.65 47.48 62.70 75.35 63.04 58.39 

DOE 4 1320 10 945.6 63.39 1.60 6.40 0.93 48.45 70.59 75.15 78.93 60.18 

DOE 5 1141 15 947.1 60.72 1.46 6.63 0.94 48.69 64.33 73.26 74.47 57.88 

DOE 6 1141 15 918.2 59.28 1.51 6.57 0.88 48.22 65.66 72.57 71.41 55.91 

DOE 7 1320 15 840.4 58.00 1.59 6.85 0.87 47.76 62.87 71.37 70.61 54.54 
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Table G-3: MPC DOE UF Pass 1 head grades. 

Test Conditions Solids Grades, % 

RPM Pulp, 

wt% 

grams Wt % Ba Ca Si REO 

DOE 1 930 20 1654.2 100 1.62 5.17 0.94 51.06 

DOE 2 930 10 1613.6 100 1.45 5.65 0.84 50.56 

DOE 3 1320 20 1640.5 100 1.25 5.99 0.64 49.91 

DOE 4 1320 10 1491.7 100 1.44 5.40 0.75 51.03 

DOE 5 1141 15 1559.8 100 1.38 5.49 0.76 51.09 

DOE 6 1141 15 1548.9 100 1.37 5.37 0.73 51.13 

DOE 7 1320 15 1449 100 1.47 5.57 0.71 50.79 
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Table G-4: MPC DOE UF Pass 2 stage results. 

Test Conditions Product Solids Grades, % Recoveries, % 

RPM Pulp, 

wt% 

grams Wt % Ba Ca Si REO Ba Ca Si REO 

DOE 5 1320 15.1 P2 Conc. 550.2 58.95 1.41 4.53 0.44 53.27 49.79 41.17 32.02 64.78 

P2 Tails 383.1 41.05 2.04 9.30 1.33 41.60 50.21 58.83 67.98 35.22 

P2 Feed 
(calc) 

933.3 100 1.67 6.49 0.80 48.48 100 100 100 100 

DOE 6 1141 15 P2 Conc. 539.8 59.60 1.25 5.01 0.56 51.53 50.43 43.50 39.91 64.61 

P2 Tails 365.9 40.40 1.81 9.60 1.25 41.64 49.57 56.50 60.09 35.39 

P2 Feed 
(calc) 

905.7 100 1.48 6.86 0.84 47.54 100 100 100 100 

DOE 7 1320 15.1 P2 Conc. 517.7 62.39 1.47 5.03 0.53 52.16 54.90 45.68 38.11 68.08 

P2 Tails 312.1 37.61 2.00 9.92 1.43 40.56 45.10 54.32 61.89 31.92 

P2 Feed 
(calc) 

829.8 100 1.67 6.87 0.87 47.80 100 100 100 100 

 

Table G-5: MPC UF DOE Pass 2 extrapolated cumulative results 

Test Product Solids Grades, % Recoveries, % 

grams Wt % Ba Ca Si REO Ba Ca Si REO 

DOE 5 P1-2 Conc. 1171.0 75.08 1.33 4.12 0.47 54.06 66.18 57.15 51.42 79.65 

P2 Tails 388.8 24.92 2.04 9.30 1.33 41.60 33.82 42.85 48.58 20.35 

DOE 6 P1-2 Conc. 1178.0 76.05 1.20 4.26 0.53 53.58 67.73 58.52 57.68 80.34 

P2 Tails 370.9 23.95 1.81 9.60 1.25 41.64 32.27 41.48 42.32 19.66 

DOE 7 P1-2 Conc. 1132.9 78.19 1.37 4.37 0.51 53.67 71.15 61.20 56.29 82.59 

P2 Tails 316.1 21.81 2.00 9.92 1.43 40.56 28.85 38.80 43.71 17.41 
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Table G-6: MPC UF DOE Pass 3 and Pass 4 results, Pass 3 basis. 

Test Conditions Solids Grades, % Recoveries, % 

RPM Pulp, 

wt% 

grams Wt % Ba Ca Si REO Ba Ca Si REO 

P3 Conc. 1320 15.1 492.2 47.01 1.79 7.23 0.79 46.88 43.41 34.33 29.84 53.79 

P4 Conc. 1320 ~9 293.7 28.05 1.94 10.38 1.41 39.75 28.10 29.40 31.95 27.21 

P4 Tails   261.1 24.94 2.21 14.41 1.90 31.20 28.49 36.27 38.20 18.99 

P3 Feed (calc)   1047 100 1.93 9.91 1.24 40.97 100 100 100 100 

 

Table G-7: MPC UF DOE 7, Pass 1 to 4 estimated cumulative results. 

Test Solids Grades, % Recoveries, % 

grams Wt % Ba Ca Si REO Ba Ca Si REO 

P1 Conc. 608.6 42.00 1.30 3.79 0.50 54.98 36.37 28.59 31.16 45.36 

P1-2 Conc. 1132.9 78.19 1.37 4.37 0.51 53.67 71.80 61.23 59.73 82.44 

P1-3 Conc. 1281.5 88.44 1.42 4.70 0.55 52.88 84.04 74.54 71.75 91.89 

P1-4 Conc. 1370.2 94.56 1.46 5.07 0.60 52.03 91.97 85.94 84.61 96.67 

P4 Tails 78.8 5.44 2.21 14.41 1.90 31.20 28.49 36.27 38.20 18.99 
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APPENDIX H:  MPC CLEANER UF FALCON TESTING 

Table H-1: MPC 1st Cl UF test results 

Test / 

Recovery 

Basis 

Conditions Product Solids Grades, % Recoveries, % 

RPM Pulp, 

wt% 

 grams Wt % Ba Ca Si REO Ba Ca Si REO 

T1, P1 1320 15.1 P1 Con 617.7 32.64 1.31 3.28 0.39 56.50 29.75 23.02 21.62 34.83 

P1 Tails 1274.9 67.36 1.50 5.31 0.68 51.22 70.25 76.98 78.38 65.17 

P1 Feed 
(calc) 

1892.6 100 1.44 4.65 0.58 52.94 100 100 100 100 

T1, P2 1320 15.1 P2 Con 637.2 50.38 1.39 3.69 0.41 54.81 44.68 35.00 32.25 54.09 

P2 Tails 627.7 49.62 1.75 6.96 0.87 47.22 55.32 65.00 67.75 45.91 

P2 Feed 
(calc) 

1264.9 100 1.57 5.32 0.64 51.04 100 100 100 100 

T1, P1-2   P1-2 
Con 

1259.9 66.57 1.35 3.49 0.40 55.64 60.61 49.95 47.68 70.12 

   P2 Tails 632.7 33.43 1.75 6.96 0.87 47.22 39.39 50.05 52.32 29.88 

T2, P1 1320 15.1 P1 Con 609.9 64.35 1.27 3.40 0.38 56.25 56.62 46.97 44.47 68.24 

   P1 Tails 337.9 35.65 1.75 6.93 0.86 47.25 43.38 53.03 55.53 31.76 

   P1 Feed 
(calc) 

947.8 100 1.44 4.66 0.55 53.04 100 100 100 100 

T3, P1 1600 15.1 P1 Con 560.4 56.93 1.26 3.51 0.34 56.28 48.53 43.24 36.67 60.07 

   P1 Tails 424 43.07 1.76 6.09 0.79 49.45 51.47 56.76 63.33 39.93 

   P1 Feed 
(calc) 

984.4 100 1.48 4.62 0.53 53.34 100 100 100 100 
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Table H-2: MPC UF 2nd Cl UF test results. 

Test / 

Recovery 

Basis 

Conditions Product Solids Grades, % Recoveries, % 

RPM Pulp, 

wt% 

 grams Wt % Ba Ca Si REO Ba Ca Si REO 

T1, P1 1320 ~17 P1 Con 677 54.88 1.22 2.61 0.31 58.07 49.57 40.55 42.22 57.15 

P1 Tails 556.7 45.12 1.50 4.65 0.51 52.95 50.43 59.45 57.78 42.85 

P1 Feed 
(calc) 

1233.7 100 1.35 3.53 0.40 55.76 100 100 100 100 

T2, P1 1320 15.1 P1 Con 619.7 53.72 1.20 2.62 0.31 58.25 48.22 40.71 38.23 55.77 

P1 Tails 533.9 46.28 1.50 4.44 0.58 53.62 51.78 59.29 61.77 44.23 

P1 Feed 
(calc) 

1153.6 100 1.34 3.46 0.43 56.11 100 100 100 100 

 

Table H-3: MPC UF 3rd Cl UF test results. 

Test / 

Recovery 

Basis 

Conditions Product Solids Grades, % Recoveries, % 

RPM Pulp, 

wt% 

 grams Wt % Ba Ca Si REO Ba Ca Si REO 

T1, P1 1320 ~15.1 P1 Con 647.2 50.43 1.09 2.03 0.23 59.28 46.13 40.41 40.07 51.54 

P1 Tails 636.1 49.57 1.30 3.05 0.35 56.70 53.87 59.59 59.93 48.46 

P1 Feed 
(calc) 

1283.3 100 1.19 2.54 0.29 58.00 100 100 100 100 
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APPENDIX I:  SHAKING TABLE TESTING 

Table I-1: Shaking Table Test 1, MPC feed material. 

Stream Solids Grades, % Recoveries, % 

grams Wt % Ba Ca Si REO Ba Ca Si REO 

"Conc" 
(Deck Residue) 

9.9 3.30 2.74 4.22 1.02 52.38 5.90 2.59 4.54 3.40 

Mids 6.8 2.27 2.19 6.09 2.95 48.32 3.25 2.57 9.04 2.16 

Tails 283.3 94.43 1.47 5.39 0.68 50.77 90.85 94.84 86.42 94.44 

MPC Feed (calc) 300 100 1.53 5.37 0.74 50.77 100 100 100 100 
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Table I-2: Shaking Table Test 2, MPC feed material. 

Stream Mass Grades, % Recoveries, %, subtotal basis Recoveries, %, total basis 

grams Ba Ca Si REO Wt% Ba Ca Si REO Wt% Ba Ca Si REO 

Conc. 107.2 2.05 1.87 0.25 58.75 16.62 22.47 5.38 6.91 19.31 14.69 19.17 4.76 5.44 17.12 

Upper 

Mids 

98.3 1.89 6.68 1.21 47.00 15.24 18.94 17.62 30.87 14.16 13.47 16.16 15.59 24.28 12.56 

Lower 

Mids 

87.4 1.32 6.73 0.55 48.63 13.55 11.76 15.79 12.56 13.03 11.98 10.04 13.97 9.88 11.55 

Tails 352 1.30 6.48 0.54 49.58 54.58 46.82 61.20 49.66 53.50 48.25 39.94 54.13 39.05 47.43 

Subtotal 644.9 1.52 5.78 0.60 50.58 100 100 100 100 100 88.39 85.31 88.45 78.64 88.65 

Deck 

Residue, 

post grabs 

84.7 1.99 5.74 1.24 49.29 13.13 17.22 13.06 27.16 12.80 11.61 14.69 11.55 21.36 11.35 

MPC 

Feed 

(calc) 

729.6 1.57 5.77 0.67 50.43 113.13 117.22 113.06 127.16 112.80 100 100 100 100 100 
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Table I-3: Shaking Table Test 2 deck residue grab sample compositions, weight percent. 

Sample Ba Ca La Nd Pr Si Ce(2) Ce(4) Ce(7) Fe Mn REO 

Via 

Ce(2) 

REO 

Via 

Ce(4) 

REO 

Via 

Ce(7) 

XRF 

Peak 

Ka 

1,2(2) 

Ka 1,2 La 1 La 1 Lb 1 Ka 

1,2(2) 

Ka 1 Ka 1,2 Lb 1 Ka 1,2 Ka 1,2    

λ (nm) 0.03866 0.3359 0.2665 0.2369 0.2258 0.7124 0.03571 0.03592 0.2355 0.1937 0.2103    

Tan 

Type 1 

1.75 2.50 18.43 6.83 2.24 0.45 25.15 25.60 24.30 -0.61 0.21 59.62 60.68 57.61 

Tan 

Type 2 

1.28 1.77 19.31 7.16 2.36 0.29 26.24 26.78 25.45 -0.65 0.21 62.21 63.50 60.35 

"Red 

Band" 

1.27 1.64 19.35 7.15 2.36 0.30 25.78 26.45 25.66 -0.68 0.20 61.11 62.71 60.83 

Brown 

Type 1 

2.07 11.93 10.64 3.64 1.31 2.97 14.64 14.94 14.18 -0.04 0.29 34.70 35.43 33.62 

Brown 

Type 2 

1.81 16.84 7.35 2.52 0.89 3.68 10.35 10.52 10.03 0.21 0.35 24.53 24.95 23.79 
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Table I-4: Shaking Table Test 4, whole ore feed. 

Stream Mass Grades, % Recoveries, %, subtotal basis Recoveries, %, total basis 

grams Ba Ca Si REO Wt% Ba Ca Si REO Wt% Ba Ca Si REO 

Conc 12.6 25.89 2.59 0.99 19.39 5.02 9.71 1.04 0.96 12.65 4.94 9.46 1.04 0.95 12.28 

Mids 29.4 13.55 11.93 5.12 8.78 11.71 11.85 11.22 11.63 13.37 11.52 11.55 11.13 11.54 12.98 

Tails 209 12.62 13.12 5.41 6.84 83.27 78.44 87.73 87.41 73.98 81.93 76.45 87.00 86.72 71.82 

Subtotal 251 13.39 12.45 5.16 7.69 100.00 100.00 100.00 100.00 100.00 98.39 97.46 99.17 99.21 97.08 

Deck 
Residue 

4.1 21.37 6.37 2.52 14.15 1.63 2.61 0.84 0.80 3.00 1.61 2.54 0.83 0.79 2.92 

Calc 
Feed 

255.1 13.52 12.35 5.11 7.80 101.63 102.61 100.84 100.80 103.00 100.00 100.00 100.00 100.00 100.00 

 

 



195 

APPENDIX J:  WILLIAMS’ UF FALCON TEST RESULTS 

The values for Ba, Ca, and Si grades, as shown in all tables in this Appendix, have been converted from BaO, CaO, 

and SiO2 as originally reported by Williams. This deliberate conversion has been performed in order to simplify 

comparisons between this and Williams’ studies. 

Table J-1: Williams’ UF Falcon individual products. 

Stream Solids Grades, % Recoveries, % 

grams Wt % Ba Ca Si REO Ba Ca Si REO 

UF P1 Conc. 535.7 36.64 4.47 4.06 0.77 50.49 34.51 18.47 15.79 47.41 

UF P2 Conc. 427.3 29.23 4.50 6.72 1.46 43.35 27.67 24.36 24.03 32.47 

UF P3 Conc. 233.9 16.00 4.28 10.95 2.41 32.35 14.41 21.74 21.67 13.27 

UF P3 Tails 265.2 18.14 6.13 15.74 3.77 14.73 23.4 35.43 38.51 6.85 

Feed (calc) 1462.1 
 

4.75 8.06 1.78 39.02 
    

 

Table J-2: Williams’ UF Falcon cumulative gravity results. 

Stream Solids Grades, % Recoveries, % 

grams Wt % Ba Ca Si REO Ba Ca Si REO 

UF P1 Conc. 535.7 36.64 4.47 4.06 0.77 50.49 34.51 18.47 15.79 47.41 

P1-P2 Conc. 963 65.87 4.48 5.24 1.07 47.32 47.32 42.84 39.82 79.89 

P1-P3 Conc. 1196.9 81.87 4.44 6.36 1.34 44.40 76.60 64.57 61.49 93.15 

UF P3 Tails 265.2 18.14 6.13 15.74 3.77 14.73 23.40 35.43 38.51 6.85 

Feed (calc) 1462.1 
 

4.75 8.06 1.78 39.02 
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Table J-3: Williams’ Pass 1 stage specific results. 

Stream Solids Grades, % Recoveries, % 

grams Wt % Ba Ca Si REO Ba Ca Si REO 

UF P1 Conc. 535.7 36.64 4.47 4.06 0.77 50.49 34.51 18.47 15.79 47.41 

UF P1 Tails (calc) 963 63.36 4.91 10.37 2.36 32.38 65.49 81.53 84.21 52.59 

UF P1 Feed (calc) 1462.1 
 

4.75 8.06 1.78 39.02 
    

 

Table J-4: Williams’ Pass 2 stage specific results. 

Stream Solids Grades, % Recoveries, % 

grams Wt % Ba Ca Si REO Ba Ca Si REO 

UF P2 Conc. 427.3 46.12 4.50 6.72 1.46 43.35 42.25 29.88 28.54 61.75 

UF P2 Tails (calc) 499.1 53.88 5.26 13.50 3.13 22.99 57.75 70.12 71.46 38.25 

UF P2 Feed (calc) 926.4 
 

4.91 10.37 2.36 32.38 
    

 

Table J-5: Williams’ Pass 3 stage specific results. 

Stream Solids Grades, % Recoveries, % 

grams Wt % Ba Ca Si REO Ba Ca Si REO 

UF P3 Conc. 233.9 46.86 4.28 10.95 2.41 32.35 38.12 38.03 36.00 65.96 

UF P3 Tails 265.2 53.14 6.13 15.74 3.77 14.73 61.88 61.67 64.00 34.04 

UF P3 Feed (calc) 499.1 
 

5.26 13.50 3.13 22.99 
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APPENDIX K:  UF FALCON SCAVENGER TESTING 

 

Table K-1: UF Scavenger Test 1 Pass 1 results. 

Stream Solids Grades, % Recoveries, % 

grams Wt % Ba Ca Si REO Ba Ca Si REO 

UF P1 Conc. 355.4 25.69 24.47 9.18 3.38 2.15 42.32 17.94 15.24 26.92 

UF P1 Tails 1028.2 74.31 11.53 14.52 6.51 2.02 57.68 82.06 84.76 73.08 

Feed (calc) 1383.6 100 14.85 13.15 5.70 2.05 100 100 100 100 

 

Table K-2: UF Scavenger Test 2 Pass 1 results. 

Stream Solids Grades, % Recoveries, % 

grams Wt % Ba Ca Si REO Ba Ca Si REO 

UF P1 Conc. 347 24.86 24.87 9.02 3.27 1.93 41.01 17.01 14.38 23.64 

UF P1 Tails 1048.9 75.14 11.83 14.56 6.44 2.06 58.99 82.99 85.62 76.36 

Feed (calc) 1395.9 100 15.07 13.18 5.65 2.03 100 100 100 100 
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Table K-3: UF Scavenger Test 1 Pass 2 results. 

Stream Solids Grades, % Recoveries, % 

grams Wt % Ba Ca Si REO Ba Ca Si REO 

UF P2 Conc. 300.2 29.49 18.25 12.08 4.57 1.94 47.01 24.74 21.19 27.55 

UF P2 Tails 717.7 70.51 8.60 15.38 7.10 2.13 52.99 75.26 78.81 72.45 

P2 Feed (calc) 1017.9 100 11.45 14.41 6.36 2.08 100 100 100 100 

 

Table K-4: UF Scavenger Test 1 Pass 1 through 2 cumulative results. 

Stream Solids Grades, % Recoveries, % 

grams Wt % Ba Ca Si REO Ba Ca Si REO 

UF P1 Conc. 355.4 25.69 24.47 9.18 3.38 2.15 42.49 18.06 15.54 26.36 

UF P2 Conc. 303.2 21.92 18.25 12.08 4.57 1.94 27.04 20.27 17.89 20.29 

P1+P2 Conc. 658.6 47.60 21.60 10.52 3.93 2.05 69.52 38.33 33.44 46.64 

UF P2 Tails 725.0 52.40 8.60 15.38 7.10 2.13 30.48 61.67 66.56 53.36 

P1 Feed (calc) 1383.6 100 14.79 13.06 5.59 2.10 100 100 100 100 
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APPENDIX L:  WHOLE ORE STAT-EASE OUTPUTS 

Raw statistical data from Stat-Ease Design Expert 10 has been exported for the Pass 

1 UF Whole Ore DOE tests. This data is presented mostly in its raw form in this 

Appendix, with modifications made for readability sake as necessary, particularly with 

respect to rounding. 

L.1 REO Recovery 

 The Analysis of Variance (ANOVA) and associated statistical data for REO 

Recovery in the whole ore Pass 1 UF testing is shown in Table L-1 to Table L-3. 

 The Model F-Value of 9.42 implies the model is significant. There is only a 1.69% 

chance that an F-value this large could occur due to noise. 

 Values of “Prob > F” less than 0.0500 indicate the model terms are significant. In 

this case, C is a significant model term. Values greater than 0.1000 indicate the model 

terms are not significant. 

 If there are many insignificant model terms (not counting those required to 

support hierarchy), model reduction may improve the model. 

 The “Lack of Fit F-value” of 0.51 implies the Lack of Fit is not significant relative 

to the pure error. There is a 76.60% chance that a “Lack of Fit F-value” this large could 

occur due to noise. Non-significant lack of fit is good – we want the model to fit. 

Table L-1: Analysis of Variance Table [Partial sum of squares – Type III]. 

Source Sum of 
Squares 

df Mean 
Square 

F 
Value 

p-value 
Prob > F 

 

Block 8.6769 1 8.6769 
  

 

Model 125.345 3 41.782 9.419 0.0169 significant 

  A-RPM 28.0126 1 28.0126 6.315 0.0536  

  C-Pulp 
Density 

86.2641 1 86.2641 19.448 0.0070  

  AC 11.0685 1 11.0685 2.495 0.1750  

Residual 22.1787 5 4.4357    

Lack of Fit 14.8825 4 3.7206 0.510 0.766 not significant 

Pure Error 7.2962 1 7.2962    

Cor Total 156.201 9 
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Table L-2: Trend Data for REO Recovery model. 

Std. Dev. 2.1061 R-Squared 0.8497 

Mean 47.247 Adj R-Squared 0.7595 

C.V. % 4.4577 Pred R-Squared 0.3986 

PRESS 88.715 Adeq Precision 6.9229 

-2 Log Likelihood 36.344 BIC 47.857 

  AICc 61.344 

 

 The “Pred R-Squared” of 0.3986 is not as close to the “Adj R-Squared” of 0.7595 

as one might normally expect or a possible problem with your model and/or data. 

Things to consider are model reduction response transformation, outliers, etc. All 

empirical models should be tested by doing confirmation runs. 

 “Adeq Precision” means the signal to noise ratio. A ratio greater than 4 is 

desirable. Your ratio of 6.923 indicates an adequate signal. This model can be used to 

navigate the design space. 

Table L-3: Confidence Intervals for REO Recovery model. 

Factor Coefficient 
Estimate 

df Standard 
Error 

95% CI 
Low 

95% CI 
High 

VIF 

Intercept 47.850 1 0.8334 45.708 49.992  

Block 1 -1.0688 
    

 

Block 2 1.0688      

A-RPM -1.8713 1 0.7446 -3.7854 0.0429 1.0021 

C-Pulp 
Density 

3.2838 1 0.7446 1.3696 5.1979 1 

AC 1.1763 1 0.7446 -0.7379 3.0904 1 

 

 Final Equation in Terms of Coded Factors: 

 𝑅𝑅𝑅𝑅𝑅𝑅 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑟𝑟𝑅𝑅 = 

47.85007181 − 1.87125 ∗ 𝐴𝐴 + 3.28375 ∗ 𝐶𝐶 + 1.17625 ∗ 𝐴𝐴𝐶𝐶 
(L.1) 

 

 The equation in terms of coded factors can be used to make predictions about 

the response for given levels of each factor. By default, the high levels of the factors are 
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coded as +1 and the low levels of the factors are coded as -1. The coded equation is 

useful for identifying the relative impact of the factors by comparing the factor 

coefficients. 

 Final Equation in Terms of Actual Factors: 

 𝑅𝑅𝑅𝑅𝑅𝑅 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑟𝑟𝑅𝑅 (%) = 

64.76903 − 0.022979𝑅𝑅𝑅𝑅𝑅𝑅 − 0.50949 ∗ 𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃 𝐷𝐷𝑅𝑅𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑅𝑅 (𝑤𝑤𝐷𝐷%) 

+1.00106 ∗ 10−3 ∗ 𝑅𝑅𝑅𝑅𝑅𝑅 ∗ 𝑤𝑤𝐷𝐷% 

(L.2) 

 

 The equation in terms of actual factors can be used to make predictions about 

the response for given levels of each factor. Here, the levels should be specified in the 

original units for each factor. This equation should not be used to determine the relative 

impact of each factor because the coefficients are scaled to accommodate the units of 

each factor and the intercept is not at the center of the design space. 

 The associated Diagnostic Plots are shown below and on the following pages in 

Figure L-1 to Figure L-4. 

 

Figure L-1: Stat-Ease Half-Normal Plot of Residuals for REO Recovery model. 
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Figure L-2: Stat-Ease Normal Plot of Residuals for REO recovery. 

 

 

Figure L-3: Stat-Ease Residuals vs Run Number for REO Recovery model. 
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Figure L-4: Stat-Ease Predicted vs. Actual for REO Recovery model. 

 

L.2 REO/Ca Recovery 

 The ANOVA and associated statistical data for REO/Ca Recovery in the whole 

ore Pass 1 UF DOE testing is shown in Table L-4to Table L-6. 

 The Model F-Value of 9.42 implies the model is significant. There is only a 1.69% 

chance that an F-value this large could occur due to noise. 

 Values of “Prob > F” less than 0.0500 indicate the model terms are significant. In 

this case, B is a significant model term. Values greater than 0.1000 indicate the model 

terms are not significant. 

 If there are many insignificant model terms (not counting those required to 

support hierarchy), model reduction may improve the model. 
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 The “Lack of Fit F-value” of 0.47 implies the Lack of Fit is not significant relative 

to the pure error. There is a 78.25% chance that a “Lack of Fit F-value” this large could 

occur due to noise. Non-significant lack of fit is good – we want the model to fit. 

Table L-4: Analysis of Variance Table [Partial sum of squares – Type III] for REO/Ca 
Recovery. 

Source Sum of 
Squares 

df Mean 
Square 

F 
Value 

p-value 
Prob > F 

 

Block 0.0903 1 0.0903 
  

 

Model 0.8306 3 0.277 9.417 0.0169 significant 

  B-Grind 
Time 

0.6385 1 0.6385 21.716 0.0055  

  C-Pulp 
Density 

0.0181 1 0.0181 0.614 0.4688  

  BC 0.1741 1 0.1741 5.920 0.0592  

Residual 0.1470 5 0.0294    

Lack of Fit 0.0958 4 0.0240 0.468 0.782475625 not 
significant 

Pure Error 0.0512 1 0.0512    

Cor Total 1.068 9 
   

 

 

Table L-5: Trend Data for REO/Ca Recovery. 

Std. Dev. 0.1715 R-Squared 0.8496 

Mean 2.55 Adj R-Squared 0.7594 

C.V. % 6.7241 Pred R-Squared 0.3985 

PRESS 0.588 Adeq Precision 7.0932 

-2 Log Likelihood -13.820 BIC -2.307 

  AICc 11.180 

 

 The “Pred R-Squared” of 0.3985 is not as close to the “Adj R-Squared” of 0.7594 

as one might normally expect or a possible problem with your model and/or data. 

Things to consider are model reduction response transformation, outliers, etc. All 

empirical models should be tested by doing confirmation runs. 

 “Adeq Precision” means the signal to noise ratio. A ratio greater than 4 is 

desirable. Your ratio of 7.093 indicates an adequate signal. This model can be used to 

navigate the design space. 
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Table L-6: Confidence Intervals for REO/Ca Recovery model. 

Factor Coefficient 
Estimate 

df Standard 
Error 

95% CI 
Low 

95% CI 
High 

VIF 

Intercept 2.668 1 0.0685 2.492 2.844  

Block 1 -0.1658 
    

 

Block 2 0.1658      

B-Grind 
Time 

0.2825 1 0.0606 0.1267 0.4383 1.0222 

C-Pulp 
Density 

-0.0475 1 0.0606 -0.2033 0.1083 1 

BC -0.1475 1 0.0606 -0.3033 0.0083 1 

 

 Final Equation in Terms of Coded Factors: 

 𝑅𝑅𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑟𝑟𝑅𝑅 = 2.66833333 + 0.2825 ∗ 𝐵𝐵 − 0.0475 ∗ 𝐶𝐶 − .1475 ∗ 𝐵𝐵𝐶𝐶 (L.3) 

 

 The equation in terms of coded factors can be used to make predictions about 

the response for given levels of each factor. By default, the high levels of the factors are 

coded as +1 and the low levels of the factors are coded as -1. The coded equation is 

useful for identifying the relative impact of the factors by comparing the factor 

coefficients. 

 Final Equation in Terms of Actual Factors: 

 𝑅𝑅𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑟𝑟𝑅𝑅 = −0.33083 + 0.32222 ∗ 𝑔𝑔𝑟𝑟𝐷𝐷𝐷𝐷𝑑𝑑 𝐷𝐷𝐷𝐷𝑡𝑡𝑅𝑅 (𝑡𝑡𝐷𝐷𝐷𝐷𝐷𝐷) + 0.11833 ∗ 𝑤𝑤𝐷𝐷% −1.31111 ∗ 10−3 ∗ 𝑔𝑔𝑟𝑟𝐷𝐷𝐷𝐷𝑑𝑑 𝐷𝐷𝐷𝐷𝑡𝑡𝑅𝑅 ∗ 𝑤𝑤𝐷𝐷% 

(L.4) 

 

 The equation in terms of actual factors can be used to make predictions about 

the response for given levels of each factor. Here, the levels should be specified in the 

original units for each factor. This equation should not be used to determine the relative 

impact of each factor because the coefficients are scaled to accommodate the units of 

each factor and the intercept is not at the center of the design space. 
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 The associated Diagnostic Plots are shown below and on the following pages in 

Figure M-5 to Figure L-8. 

 

Figure L-5: Stat-Ease Half-Normal Plot for REO/Ca Recovery model. 

 

 

Figure L-6: Stat-Ease Normal Plot of Residuals for REO/Ca Recovery model. 
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Figure L-7: Stat-Ease Residuals vs. Run for REO/Ca Recovery model. 

 

 

Figure L-8: Stat-Ease Predicted vs. Actual for REO/Ca Recovery model. 



208 

L.3 REO Grade 

 The ANOVA and associated statistical data for REO Grade in the whole ore Pass 

1 UF DOE testing is shown in Table L-7 to Table L-9. 

 The Model F-Value of 13.15 implies the model is significant. There is only a 

1.43% chance that an F-value this large could occur due to noise. 

 Values of “Prob > F” less than 0.0500 indicate the model terms are significant. In 

this case, B and BC are significant model terms. Values greater than 0.1000 indicate 

the model terms are not significant. 

 If there are many insignificant model terms (not counting those required to 

support hierarchy), model reduction may improve the model. 

 The “Lack of Fit F-value” of 0.45 implies the Lack of Fit is not significant relative 

to the pure error. There is a 76.79% chance that a “Lack of Fit F-value” this large could 

occur due to noise. Non-significant lack of fit is good – we want the model to fit. 

Table L-7: Analysis of Variance Table [Partial sum of squares – Type III] for REO Grade 
model. 

Source Sum of 
Squares 

df Mean 
Square 

F 
Value 

p-value 
Prob > F 

 

Block 0.5226 1 0.5226 
  

 

Model 8.6241 4 2.1560 13.150 0.0143 significant 

  A-RPM 1.0513 1 1.0513 6.4120 0.0645  

  B-Grind 
Time 

4.9613 1 4.9613 30.261 0.0053  

  C-Pulp 
Density 

0.0578 1 0.0578 0.3525 0.5846  

  BC 2.5538 1 2.5538 15.577 0.0169  

Residual 0.6558 4 0.1640    

Lack of Fit 0.3761 3 0.1254 0.4481 0.7679 not 
significant 

Pure Error 0.2798 1 0.2798    

Cor Total 9.8025 9 
   

 

 

Table L-8: Trend Data for REO Grade model. 

Std. Dev. 0.4049 R-Squared 0.9293 
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Mean 12.887 Adj R-Squared 0.8587 

C.V. % 3.1420 Pred R-Squared 0.5913 

PRESS 3.7931 Adeq Precision 10.936 

-2 Log Likelihood 1.1340 BIC 14.949 

  AICc 41.134 

 

 The “Pred R-Squared” of 0.5913 is not as close to the “Adj R-Squared” of 0.8587 

as one might normally expect or a possible problem with your model and/or data. 

Things to consider are model reduction response transformation, outliers, etc. All 

empirical models should be tested by doing confirmation runs. 

 “Adeq Precision” means the signal to noise ratio. A ratio greater than 4 is 

desirable. Your ratio of 10.936 indicates an adequate signal. This model can be used to 

navigate the design space. 

Table L-9: Confidence Intervals for REO Grade model. 

Factor Coefficient 
Estimate 

df Standard 
Error 

95% CI 
Low 

95% CI 
High 

VIF 

Intercept 13.208 1 0.1620 12.758 13.658  

Block 1 -0.4355 1 
   

 

Block 2 0.4355      

A-RPM 0.3625 1 0.1432 -0.0350 0.7600 1.0021 

B-Grind 
Time 

0.7875 1 0.1432 0.3900 1.1850 1.0222 

C-Pulp 
Density 

0.085 1 0.1432 -0.3125 0.4825 1 

BC -0.565 1 0.1432 -0.9625 -0.1675 1 

 

 Final Equation in Terms of Coded Factors: 

 𝑅𝑅𝑅𝑅𝑅𝑅 𝐺𝐺𝑟𝑟𝐶𝐶𝑑𝑑𝑅𝑅 = 

13.20801064 + 0.3625 ∗ 𝐴𝐴 + 0.7875 ∗ 𝐵𝐵 + 0.085 ∗ 𝐶𝐶 − 0.565 ∗ 𝐵𝐵𝐶𝐶 
(L.5) 

 

 The equation in terms of coded factors can be used to make predictions about 

the response for given levels of each factor. By default, the high levels of the factors are 

coded as +1 and the low levels of the factors are coded as -1. The coded equation is 
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useful for identifying the relative impact of the factors by comparing the factor 

coefficients. 

 Final Equation in Terms of Actual Factors: 

 𝑅𝑅𝑅𝑅𝑅𝑅 𝐺𝐺𝑟𝑟𝐶𝐶𝑑𝑑𝑅𝑅 (% 𝑅𝑅𝑅𝑅𝑅𝑅) = 

0.39844 + 1.54255 ∗ 10−3 ∗ 𝑅𝑅𝑅𝑅𝑅𝑅 + 0.11033 ∗ 𝑔𝑔𝑟𝑟𝐷𝐷𝐷𝐷𝑑𝑑 𝐷𝐷𝐷𝐷𝑡𝑡𝑅𝑅 + 0.50667 ∗ 𝑤𝑤𝐷𝐷%− 5.02222 ∗ 10−3 ∗ 𝑔𝑔𝑟𝑟𝐷𝐷𝐷𝐷𝑑𝑑 𝐷𝐷𝐷𝐷𝑡𝑡𝑅𝑅 ∗ 𝑤𝑤𝐷𝐷% 

(L.6) 

 

 The equation in terms of actual factors can be used to make predictions about 

the response for given levels of each factor. Here, the levels should be specified in the 

original units for each factor. This equation should not be used to determine the relative 

impact of each factor because the coefficients are scaled to accommodate the units of 

each factor and the intercept is not at the center of the design space. 

 The associated Diagnostic Plots are shown below and on the following pages in 

Figure L-9 to Figure L-12. 

 

Figure L-9: Stat-Ease Half-Normal Plot for REO Grade model. 
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Figure L-10: Stat-Ease Normal Plot of Residuals for REO Grade model. 

 

Figure L-11: Stat-Ease Residuals vs. Run for REO Grade model. 
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Figure L-12: Stat-Ease Predicted vs Actual for REO Grade model. 
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APPENDIX M:  MPC STAT-EASE OUTPUTS 

Raw statistical data from Stat-Ease Design Expert 10 has been exported for the Pass 

1 UF MPC DOE tests. This data is presented mostly in its raw form in this Appendix, 

with modifications made for readability, particularly with respect to rounding. 

M.1 REO Recovery 

 The ANOVA and associated statistical data for REO Recovery in the Pass 1 UF 

MPC DOE testing is shown in Table M-1 to Table M-6. 

 Per the Stat-Ease output, “B+Center Points Detected: B- The ANOVA is 

presented in two ways.” 

 B+Adjusted model: B- The factorial model includes a curvature term, which 

separates the curvature from the lack-of-fit sum of squares. The adjusted model 

provides the factorial model coefficients you’d get if there were no center points and is 

used for diagnostics (by default). 

 B+Unadjusted model: B- The model coefficients are fit using all the data 

(including the center points) without a curvature term. The unadjusted model is used to 

create the model graphs and for optimization predictions. 

Table M-1: ANOVA Summary for REO Recovery model. 
 

Adjusted 
F-value 

Model 
p-value 

Unadjusted 
F-value 

Model 
p-value 

Model 0 1 3.1233 0.2425 

Curvature 
    

Lack of Fit 1.0761 0.4883 1.0761 0.4883 

 

 Check diagnostics for problems and/or possible transformation. 
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Table M-2: Model Summary for REO Recovery model. 

Factor Adjusted 
Coefficient 
Estimate 

Model 
p-value 

Unadjusted 
Coefficient 
Estimate 

Model 
p-value 

Intercept 42.274 
 

42.274 
 

Block 1 -0.8313  -0.8313  

Block 2 0.8313  0.8313  

A-Pulp Density 1.6175 0.1503 1.6175 0.1503 

B-RPM -0.7275 0.4131 -0.7275 0.4131 

 

 The following ANOVA is for a model that adjusts for curvature. This is the default 

model used for the diagnostic plots. ANOVA for selected factorial model. *** WARNING: 

A Block is Aliased!*** 

Table M-3: Analysis of variance table [Partial sum of squares – Type III] for REO 
Recovery, adjusted for curvature. 

Source Sum of 
Squares 

df Mean 
Square 

F 
Value 

p-value 
Prob > F 

 

Block 3.6852 1 3.6852 
  

 

Model 0 2 0 0 1 not 
significant 

  A-Pulp 
Density 

10.465 1 10.465 5.1956 0.1503  

  B-RPM 2.1170 1 2.1170 1.0510 0.4131  

Curvature 0 0     

Residual 4.0285 2 2.0142    

Lack of Fit 2.0880 1 2.0880 1.0761 0.4883 not 
significant 

Pure Error 1.9405 1 1.9405    

Cor Total 20.296 5 
   

 

 

 The following ANOVA is for a model that does not adjust for curvature. This is the 

default model used for prediction and model plots. 
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Table M-4: Analysis of variance table [Partial sum of squares – Type III] for REO 
Recovery, unadjusted for curvature. 

Source Sum of 
Squares 

df Mean 
Square 

F 
Value 

p-value 
Prob > F 

 

Block 3.6852 1 3.6852 
  

 

Model 12.582 2 6.2911 3.1233 0.2425 not 
significant 

  A-Pulp 
Density 

10.465 1 10.465 5.1956 0.1503  

  B-RPM 2.1170 1 2.1170 1.0510 0.4131  

Residual 4.0285 2 2.0142    

Lack of Fit 2.0880 1 2.0880 1.0761 0.4883 not 
significant 

Pure Error 1.9405 1 1.9405    

Cor Total 20.296 5     

 

 The Model F-value of 3.12 implies the model is not significant relative to the 

noise. There is a 24.25% chance that a F-value this large could occur due to noise. 

 Values of “Prob > F” less than 0.0500 indicate model terms are significant. In this 

case there are no significant model terms. Values greater than 0.1000 indicate the 

model terms are not significant. If there are many insignificant model terms (not 

counting those required to support hierarchy), model reduction may improve your 

model. 

 The “Lack of Fit F-value” of 1.08 implies the Lack of Fit is not significant relative 

to the pure error. There is a 78.83% chance that a “Lack of Fit F-value” this large could 

occur due to noise. Non-significant lack of fit is good – we want the model to fit. 

Table M-5: Trend Data for REO Recovery model. 

Std. Dev. 1.4192 R-Squared 0.7575 

Mean 41.997 Adj R-Squared 0.5150 

C.V. % 3.3794 Pred R-Squared -1.4785 

PRESS 41.170 Adeq Precision 4.0473 

-2 Log Likelihood 14.637 BIC 21.804 

  AICc 62.637 
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 A negative “Pred R-Squared” implies that the overall mean may be a better 

predictor of your response than the current model. 

 “Adeq Precision” measures the signal to noise ratio. A ratio greater than 4 is 

desirable. Your ratio of 4.047 indicates an adequate signal. This model can be used to 

navigate the design space. 

Table M-6: Confidence Interval for REO Recovery model. 

Factor Coefficient 
Estimate 

df Standard 
Error 

95% CI 
Low 

95% CI 
High 

VIF 

Intercept 42.274 1 0.6145 39.630 44.918  

Block 1 -0.8313 1 
   

 

Block 2 0.8313      

A-Pulp 
Density 

1.6175 1 0.7096 -1.4357 4.6707 1 

B-RPM -0.7275 1 0.7096 -3.7807 2.3257 1 

 

 Final Equation in Terms of Coded Factors: 

 𝑅𝑅𝑅𝑅𝑅𝑅 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑟𝑟𝑅𝑅 = 42.27375 + 1.6175 ∗ 𝐴𝐴 − 0.7275 ∗ 𝐵𝐵 (M.1) 

 

 The equation in terms of coded factors can be used to make predictions about 

the response for given levels of each factor. By default, the high levels of the factors are 

coded as +1 and the low levels of the factors are coded as -1. The coded equation is 

useful for identifying the relative impact of the factors by comparing the factor 

coefficients. 

 Final Equation in Terms of Actual Factors: 

 𝑅𝑅𝑅𝑅𝑅𝑅 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑟𝑟𝑅𝑅 = 41.61837 + 0.32350 ∗ 𝑤𝑤𝐷𝐷% − 3.73077 ∗ 10−3 ∗ 𝑅𝑅𝑅𝑅𝑅𝑅 (M.2) 

 

 The equation in terms of actual factors can be used to make predictions about 

the response for given levels of each factor. Here, the levels should be specified in the 

original units for each factor. This equation should not be used to determine the relative 
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impact of each factor because the coefficients are scaled to accommodate the units of 

each factor and the intercept is not at the center of the design space. 

 The corresponding diagnostic plots are shown below and on the following page 

in Figure M-1 through Figure M-4. 

 

Figure M-1: Stat-Ease Half-Normal Plot for REO Recovery model. 

 

 

Figure M-2: Stat-Ease Half-Normal Plot of REO Recovery model. 
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Figure M-3: Stat-Ease Residuals vs Run for REO Recovery model. 

 

 

Figure M-4: Stat-Ease Predicted vs Actual for REO Recovery model. 
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M.2 REO Grade 

 The ANOVA and associated statistical data for REO Recovery in the Pass 1 UF 

MPC DOE testing is shown in Table M-7 to Table M-12. 

 Per the Stat-Ease output, “B+Center Points Detected: B- The ANOVA is 

presented in two ways.” 

 B+Adjusted model: B- The factorial model includes a curvature term, which 

separates the curvature from the lack-of-fit sum of squares. The adjusted model 

provides the factorial model coefficients you’d get if there were no center points and is 

used for diagnostics (by default). 

 B+Unadjusted model: B- The model coefficients are fit using all the data 

(including the center points) without a curvature term. The unadjusted model is used to 

create the model graphs and for optimization predictions. 

Table M-7: ANOVA Summary for REO Grade model. 
 

Adjusted 
F-value 

Model 
p-value 

Unadjusted 
F-value 

Model 
p-value 

Model 0 1 4.8100 0.3206 

Curvature 
    

 

 Check diagnostics for problems and/or possible transformation. 

Table M-8: Model Summary for REO Grade model. 

Factor Adjusted 
Coefficient 
Estimate 

Model 
p-value 

Unadjusted 
Coefficient 
Estimate 

Model 
p-value 

Intercept 54.836 
 

54.836 
 

Block 1 -0.2384  -0.2384  

Block 2 0.2384  0.2384  

A-Pulp Density -0.0762 0.7747 -0.0762 0.7747 

B-RPM 0.0434 0.8678 0.0434 0.8678 

AB -0.7781 0.1649 -0.7781 0.1649 

Intercept 54.836 
 

54.836 
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 The following ANOVA is for a model that adjusts for curvature. This is the default 

model used for the diagnostic plots. ANOVA for selected factorial model. *** WARNING: 

A Block is Aliased!*** 

Table M-9: Analysis of variance table [Partial sum of squares – Type III] for REO Grade, 
adjusted for curvature. 

Source Sum of 
Squares 

df Mean 
Square 

F 
Value 

p-value 
Prob > F 

 

Block 0.3031 1 0.3031 
  

 

Model 0 3 0 0 1 not 
significant 

  A-Pulp 
Density 

0.0232 1 0.0232 0.1365 0.7747  

  B-RPM 0.0076 1 0.0076 0.0444 0.8678  

  AB 2.4217 1 2.4217 14.249 0.1649  

Curvature 0 0     

Pure Error 0.1700 1 0.1700    

Cor Total 2.9255 5     

 

 The following ANOVA is for a model that does not adjust for curvature. This is the 

default model used for prediction and model plots. 

Table M-10: Analysis of variance table [Partial sum of squares – Type III] for REO 
Grade, unadjusted for curvature. 

Source Sum of 
Squares 

df Mean 
Square 

F 
Value 

p-value 
Prob > F 

 

Block 0.3031 1 0.3031 
  

 

Model 2.4525 3 0.8175 4.8100 0.3206 not 
significant 

  A-Pulp 
Density 

0.0232 1 0.0232 0.1365 0.7747  

  B-RPM 0.0076 1 0.0076 0.0444 0.8678  

  AB 2.4217 1 2.4217 14.249 0.1649  

Pure Error 0.1700 1 0.1700    

Cor Total 2.9255 5     

 

 The Model F-value of 4.81 implies the model is not significant relative to the 

noise. There is a 32.06% chance that a F-value this large could occur due to noise. 
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 Values of “Prob > F” less than 0.0500 indicate model terms are significant. In this 

case there are no significant model terms. Values greater than 0.1000 indicate the 

model terms are not significant. If there are many insignificant model terms (not 

counting those required to support hierarchy), model reduction may improve your 

model. 

Table M-11: Trend Data for REO Grade model. 

Std. Dev. 0.4123 R-Squared 0.9352 

Mean 54.756 Adj R-Squared 0.7408 

C.V. % 0.7529 Pred R-Squared N/A 

PRESS N/A Adeq Precision 4.5399 

-2 Log Likelihood -4.3566 BIC 4.6022 

  AICc  

 

 Case(s) with leverage of 1.0000: Pred R-Squared and PRESS statistic not 

defined. 

 “Adeq Precision” measures the signal to noise ratio. A ratio greater than 4 is 

desirable. Your ratio of 4.540 indicates an adequate signal. This model can be used to 

navigate the design space. 

Table M-12: Confidence Interval for REO Grade model. 

Factor Coefficient 
Estimate 

df Standard 
Error 

95% CI 
Low 

95% CI 
High 

VIF 

Intercept 54.836 1 0.1785 52.567 57.104  

Block 1 -0.2384 1 
   

 

Block 2 0.2384      

A-Pulp 
Density 

-0.0762 1 0.2061 -2.6953 2.5429 1 

B-RPM 0.0434 1 0.2061 -2.5757 2.6626 1 

AB -0.7781 1 0.2061 -3.3972 1.8410 1 

 

 Final Equation in Terms of Coded Factors: 

 𝑅𝑅𝑅𝑅𝑅𝑅 𝐺𝐺𝑟𝑟𝐶𝐶𝑑𝑑𝑅𝑅 = 54.83553625 − 0.0761675 ∗ 𝐴𝐴 

+0.0434475 ∗ 𝐵𝐵 − 0.7780925 ∗ 𝐴𝐴𝐵𝐵 
(M.3) 



222 

 

 The equation in terms of coded factors can be used to make predictions about 

the response for given levels of each factor. By default, the high levels of the factors are 

coded as +1 and the low levels of the factors are coded as -1. The coded equation is 

useful for identifying the relative impact of the factors by comparing the factor 

coefficients. 

 Final Equation in Terms of Actual Factors: 

 𝑅𝑅𝑅𝑅𝑅𝑅 𝐺𝐺𝑟𝑟𝐶𝐶𝑑𝑑𝑅𝑅 = 41.34639 + 0.88257 ∗ 𝑤𝑤𝐷𝐷% 

+0.012193 ∗ 𝑅𝑅𝑅𝑅𝑅𝑅 − 7.98044 ∗ 10−3 ∗ 𝑤𝑤𝐷𝐷% ∗ 𝑅𝑅𝑅𝑅𝑅𝑅 
(M.4) 

 

 The equation in terms of actual factors can be used to make predictions about 

the response for given levels of each factor. Here, the levels should be specified in the 

original units for each factor. This equation should not be used to determine the relative 

impact of each factor because the coefficients are scaled to accommodate the units of 

each factor and the intercept is not at the center of the design space. 

 The corresponding diagnostic plots are shown below and on the following pages 

in Figure M-5 through Figure M-8. 

 

Figure M-5: Stat-Ease Half-Normal Plot for REO Grade model. 
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Figure M-6: Stat-Ease Normal Plot of Residuals for REO Grade model. 

 

Figure M-7: Stat-Ease Residuals vs. Run for REO Grade model. 
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Figure M-8: Stat-Ease Predicted vs Actual for REO Grade model. 

 

M.3 Ca Recovery 

 The ANOVA and associated statistical data for Ca recovery in the Pass 1 UF 

MPC DOE testing is shown in Table M-13 to Table M-18. 

 Per the Stat-Ease output, “B+Center Points Detected: B- The ANOVA is 

presented in two ways.” 

 B+Adjusted model: B- The factorial model includes a curvature term, which 

separates the curvature from the lack-of-fit sum of squares. The adjusted model 

provides the factorial model coefficients you’d get if there were no center points and is 

used for diagnostics (by default). 

 B+Unadjusted model: B- The model coefficients are fit using all the data 

(including the center points) without a curvature term. The unadjusted model is used to 

create the model graphs and for optimization predictions. 
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Table M-13: ANOVA Summary for Ca Recovery model. 
 

Adjusted 
F-value 

Model 
p-value 

Unadjusted 
F-value 

Model 
p-value 

Model 0 1 201.322 0.0008 

Curvature 
    

Lack of Fit 0.0430 0.9596 0.0430 0.9596 

 

 Check diagnostics for problems and/or possible transformation. 

Table M-14: Model Summary for Ca Recovery model. 

Factor Adjusted 
Coefficient 
Estimate 

Model 
p-value 

Unadjusted 
Coefficient 
Estimate 

Model 
p-value 

Intercept 26.959 
 

26.959 
 

Block 1 -0.1263  -0.1263  

Block 2 0.1263  0.1263  

B-RPM -2.0825 0.0008 -2.0825 0.0008 

Ctr Pt 1 
    

 

 The following ANOVA is for a model that adjusts for curvature. This is the default 

model used for the diagnostic plots. ANOVA for selected factorial model. *** WARNING: 

A Block is Aliased!*** 

Table M-15: Analysis of variance table [Partial sum of squares – Type III] for Ca 
Recovery, adjusted for curvature. 

Source Sum of 
Squares 

df Mean 
Square 

F 
Value 

p-value 
Prob > F 

 

Block 0.0850 1 0.0850 
  

 

Model 0 1 0 0 1 not 
significant 

  B-RPM 17.347 1 17.347 201.322 0.0008  

Curvature 0 0     

Residual 0.2585 3 0.0862    

Lack of Fit 0.0205 2 0.0102 0.0430 0.9596 not 
significant 

Pure Error 0.2381 1 0.2381    

Cor Total 17.691 5     
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 The following ANOVA is for a model that does not adjust for curvature. This is the 

default model used for prediction and model plots. 

Table M-16: Analysis of variance table [Partial sum of squares – Type III] for Ca 
Recovery, unadjusted for curvature. 

Source Sum of 
Squares 

df Mean 
Square 

F 
Value 

p-value 
Prob > F 

 

Block 0.0850 1 0.0850 
  

 

Model 17.347 1 17.347 201.322 0.0008 significant 

  B-RPM 17.347 1 17.347 201.322 0.0008  

Residual 0.2585 3 0.0862    

Lack of Fit 0.0205 2 0.0102 0.0430 0.9596 not 
significant 

Pure Error 0.2381 1 0.2381    

Cor Total 17.691 5     

 

 The Model F-value of 201.32 implies the model is significant. There is only a 

0.08% chance that a F-value this large could occur due to noise. 

 Values of “Prob > F” less than 0.0500 indicate model terms are significant. In this 

case B is a significant model term. Values greater than 0.1000 indicate the model terms 

are not significant. If there are many insignificant model terms (not counting those 

required to support hierarchy), model reduction may improve your model. 

 The “Lack of Fit F-value” of 0.04 implies the Lack of Fit is not significant relative 

to the pure error. There is a 95.96% chance that a “Lack of Fit F-value” this large could 

occur due to noise. Non-significant lack of fit is good – we want the model to fit. 

Table M-17: Trend Data for Ca Recovery model. 

Std. Dev. 0.2935 R-Squared 0.9853 

Mean 26.917 Adj R-Squared 0.9804 

C.V. % 1.0906 Pred R-Squared 0.9413 

PRESS 1.0340 Adeq Precision 20.066 

-2 Log Likelihood -1.8405 BIC 3.5348 

  AICc 16.160 
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 The “Pred R-Squared” of 0.9413 is in reasonable agreement with the “Adj R-

Squared” of 0.9804, i.e. the difference is less than 0.2. 

 “Adeq Precision” measures the signal to noise ratio. A ratio greater than 4 is 

desirable. Your ratio of 20.066 indicates an adequate signal. This model can be used to 

navigate the design space. 

Table M-18: Confidence Interval for Ca Recovery model. 

Factor Coefficient 
Estimate 

df Standard 
Error 

95% CI 
Low 

95% CI 
High 

VIF 

Intercept 26.959 1 0.1271 26.554 27.363  

Block 1 -0.1263 1 
   

 

Block 2 0.1263      

B-RPM -2.0825 1 0.1468 -2.5496 -1.6154 1 

 

 Final Equation in Terms of Coded Factors: 

 𝐶𝐶𝐶𝐶 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑟𝑟𝑅𝑅 = 26.95875 − 2.0825 ∗ 𝐵𝐵 (M.5) 

 

 The equation in terms of coded factors can be used to make predictions about 

the response for given levels of each factor. By default, the high levels of the factors are 

coded as +1 and the low levels of the factors are coded as -1. The coded equation is 

useful for identifying the relative impact of the factors by comparing the factor 

coefficients. 

 Final Equation in Terms of Actual Factors: 

 𝐶𝐶𝐶𝐶 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑟𝑟𝑅𝑅 = 38.97317 − 0.010679 ∗ 𝑅𝑅𝑅𝑅𝑅𝑅 (M.6) 

 

 The equation in terms of actual factors can be used to make predictions about 

the response for given levels of each factor. Here, the levels should be specified in the 

original units for each factor. This equation should not be used to determine the relative 

impact of each factor because the coefficients are scaled to accommodate the units of 

each factor and the intercept is not at the center of the design space. 
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 The corresponding diagnostic plots are shown below and on the following page 

in Figure M-9 through Figure M-12. 

 

Figure M-9:Stat-Ease Half-Normal Plot for Ca Recovery model. 

 

 

Figure M-10: Stat-Ease Normal Plot of Residuals for Ca Recovery model. 
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Figure M-11: Stat-Ease Residuals vs. Run for Ca Recovery model. 

 

 

Figure M-12: Predicted vs Actual for Ca Recovery model. 
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M.4 Ca Grade 

 The ANOVA and associated statistical data for Ca grade in the Pass 1 UF MPC 

DOE testing is shown in Table M-19 to Table M-24. 

 Per the Stat-Ease output, “B+Center Points Detected: B- The ANOVA is 

presented in two ways.” 

 B+Adjusted model: B- The factorial model includes a curvature term, which 

separates the curvature from the lack-of-fit sum of squares. The adjusted model 

provides the factorial model coefficients you’d get if there were no center points and is 

used for diagnostics (by default). 

 B+Unadjusted model: B- The model coefficients are fit using all the data 

(including the center points) without a curvature term. The unadjusted model is used to 

create the model graphs and for optimization predictions. 

Table M-19: ANOVA Summary for Ca Grade model. 
 

Adjusted 
F-value 

Model 
p-value 

Unadjusted 
F-value 

Model 
p-value 

Model 0 1 16.2871 0.1797 

Curvature 
    

 

 Check diagnostics for problems and/or possible transformation. 

Table M-20: Model Summary for Ca Grade model. 

Factor Adjusted 
Coefficient 
Estimate 

Model 
p-value 

Unadjusted 
Coefficient 
Estimate 

Model 
p-value 

Intercept 3.7749 
 

3.7749 
 

Block 1 0.0974  0.0974  

Block 2 -0.0974  -0.0974  

A-Pulp Density -0.1441 0.1818 -0.1441 0.1818 

B-RPM -0.1263 0.2059 -0.1263 0.2059 

AB 0.2254 0.1182 0.2254 0.1182 

Ctr Pt 1 
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 The following ANOVA is for a model that adjusts for curvature. This is the default 

model used for the diagnostic plots. ANOVA for selected factorial model. *** WARNING: 

A Block is Aliased!*** 

Table M-21: Analysis of variance table [Partial sum of squares – Type III] for Ca Grade, 
adjusted for curvature. 

Source Sum of 
Squares 

df Mean 
Square 

F 
Value 

p-value 
Prob > F 

 

Block 0.0506 1 0.0506 
  

 

Model 0 3 0 0 1 not 
significant 

  A-Pulp 
Density 

0.0831 1 0.0831 11.598 0.1818  

  B-RPM 0.0638 1 0.0638 8.903 0.2059  

  AB 0.2032 1 0.2032 28.360 0.1182  

Curvature 0 0     

Pure Error 0.0072 1 0.0072    

Cor Total 0.4078 5     

 

 The following ANOVA is for a model that does not adjust for curvature. This is the 

default model used for prediction and model plots. 

Table M-22: Analysis of variance table [Partial sum of squares – Type III] for Ca Grade, 
unadjusted for curvature. 

Source Sum of 
Squares 

df Mean 
Square 

F 
Value 

p-value 
Prob > F 

 

Block 0.0506 1 0.0506 
  

 

Model 0.3500 3 0.1167 16.287 0.1797 not 
significant 

  A-Pulp 
Density 

0.0831 1 0.0831 11.598 0.1818  

  B-RPM 0.0638 1 0.0638 8.903 0.2059  

  AB 0.2032 1 0.2032 28.360 0.1182  

Pure Error 0.0072 1 0.0072    

Cor Total 0.4078 5     

 

 The Model F-value of 16.29 implies the model is significant. There is a 17.97% 

chance that a F-value this large could occur due to noise. 
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 Values of “Prob > F” less than 0.0500 indicate model terms are significant. In this 

case B is a significant term. Values greater than 0.1000 indicate the model terms are 

not significant. If there are many insignificant model terms (not counting those required 

to support hierarchy), model reduction may improve your model. 

Table M-23: Trend Data for Ca Grade model. 

Std. Dev. 0.0846 R-Squared 0.9799 

Mean 3.807 Adj R-Squared 0.9198 

C.V. % 2.223 Pred R-Squared N/A 

PRESS N/A Adeq Precision 9.564 

-2 Log Likelihood -23.355 BIC -14.397 

  AICc  

 

 Case(s) with leverage of 1.0000: Pred R-Squared and PRESS statistic not 

defined. 

 “Adeq Precision” measures the signal to noise ratio. A ratio greater than 4 is 

desirable. Your ratio of 9.564 indicates an adequate signal. This model can be used to 

navigate the design space. 

Table M-24: Confidence Interval for Ca Grade model. 

Factor Coefficient 
Estimate 

df Standard 
Error 

95% CI 
Low 

95% CI 
High 

VIF 

Intercept 3.7749 1 0.0367 3.3092 4.2406  

Block 1 0.0974 1 
   

 

Block 2 -0.0974      

A-Pulp 
Density 

-0.1441 1 0.0423 -0.6819 0.3936 1 

B-RPM -0.1263 1 0.0423 -0.6640 0.4115 1 

AB 0.2254 1 0.0423 -0.3124 0.7631 1 

 

 Final Equation in Terms of Coded Factors: 

 𝐶𝐶𝐶𝐶 𝐺𝐺𝑟𝑟𝐶𝐶𝑑𝑑𝑅𝑅 = 3.7749375 − 0.144125 ∗ 𝐴𝐴 − 0.126275 ∗ 𝐵𝐵 + 0.225375 ∗ 𝐴𝐴𝐵𝐵 (M.7) 
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 The equation in terms of coded factors can be used to make predictions about 

the response for given levels of each factor. By default, the high levels of the factors are 

coded as +1 and the low levels of the factors are coded as -1. The coded equation is 

useful for identifying the relative impact of the factors by comparing the factor 

coefficients. 

 Final Equation in Terms of Actual Factors: 

 𝐶𝐶𝐶𝐶 𝐺𝐺𝑟𝑟𝐶𝐶𝑑𝑑𝑅𝑅 = 8.83654 − 0.28887 ∗ 𝑤𝑤𝐷𝐷% − 4.11487 ∗ 10−3 ∗ 𝑅𝑅𝑅𝑅𝑅𝑅 

+2.31154 ∗ 10−4 ∗ 𝑤𝑤𝐷𝐷% ∗ 𝑅𝑅𝑅𝑅𝑅𝑅 
(M.8) 

 

 The equation in terms of actual factors can be used to make predictions about 

the response for given levels of each factor. Here, the levels should be specified in the 

original units for each factor. This equation should not be used to determine the relative 

impact of each factor because the coefficients are scaled to accommodate the units of 

each factor and the intercept is not at the center of the design space. 

 The corresponding diagnostic plots are shown below and on the following pages 

in Figure M-13 through Figure M-16. 

 

Figure M-13: Stat-Ease Half-Normal Plot for Ca Grade model. 
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Figure M-14: Stat-Ease Normal Plot of Residuals for Ca Grade model. 

 

Figure M-15: Stat-Ease Residuals vs. Run for Ca Grade model. 
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Figure M-16: Stat-Ease Predicted vs. Actual for Ca Grade model. 
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